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Abstract
There has been great interest in the magnetic behaviour of pyrochlore oxides with
the general formula A2B2O7, in which rare-earth (A), and transition metal (B)
cations are ordered on separate interpenetrating lattices of corner-sharing tetrahe-
dra. Such materials exhibit behaviours including quantum spin-ice, (quantum) spin-
liquid, and ordered magnetic ground states. Yb2Ti2O7 lies on the boundary between
a number of competing magnetic ground states. Features in the low-temperature
specific heat capacity that vary in sharpness and temperature from sample to sam-
ple suggest that in some cases the magnetic moments order, while in others the
moments remain dynamic down to temperatures as low as ∼16 mK. In this work,
three different Yb2Ti2O7 single crystal samples, all grown by the optical floating
zone technique but exhibiting quite different heat capacity behaviour, are studied
by aberration-corrected scanning transmission microscopy (STEM). Atomic-scale
energy-dispersive X-ray (EDX) analysis shows that a crystal with no specific heat
anomaly has substitution of Yb atoms on Ti sites (“stuffing”). In fact, EDX anal-
ysis shows for the first time that “stuffing” of Yb (A) cations onto Ti (B) sites in
the lattice can be observed directly in the pyrochlore structure. Moreover, I show
that the detailed intensity distribution around the visible atom columns in annular
dark field STEM images is sensitive to the presence of nearby atoms of low atomic
number (in this case oxygen) and find significant differences between the samples
that correlates both with their magnetic behaviour and measurements of Ti oxida-
tion state using electron energy loss spectroscopy. These measurements support the
view that the magnetic ground state of Yb2Ti2O7 is extremely sensitive to disorder.
On the other hand, structural modification of ytterbium titanate by deviation from
stoichiometry as well as electron irradiation is studied in this work. I show that Ti
excess is accommodated by Yb cation vacancies while Yb excess is compensated by
Yb interstitials. Furthermore, two MATLAB programs, Detect Columns and Burg-
ersVectors, to analyse STEM images and calculate the dislocation density tensor of
STEM images as well as their Burgers vector(s) are respectively introduced in this
work.
xviii
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Chapter 1
Introduction
The atomic structure of pyrochlore ytterbium titanate has been studied in this
thesis. Results presented in this work have increased our understanding of the
nature of mysterious magnetic behaviour of Yb2Ti2O7 at low temperatures as well
as formation of defects in the pyrochlore structure. Ytterbium titanate samples
studied in this work were synthesised at the department of physics of University
of Warwick and the department of physics of Meiji University, Japan. In addition,
heat capacity measurements as well as electron microscopy investigations presented
in this work were performed at the department of physics of University of Warwick.
In this chapter I will first provide information about the pyrochlore structure and
its relationship with low-temperature magnetic order. I will then continue by intro-
ducing several electron microscopy techniques which are used for characterization of
materials at the atomic scale. The procedures used for sample preparation as well as
microscopy techniques, which I used to characterize the ytterbium titanate samples
in this work, will be presented in chapter 2. Finally, a report of results of structural
studies (at atomic scale) of ytterbium titanate with stoichiometric (Yb2Ti2O7) and
non-stoichiometric (Yb2.05Ti2O7+ξ and Yb1.95Ti2O7−ξ) compositions will be pro-
vided in chapters 3 and 4, respectively.
1.1 Overview of Pyrochlores
Amongst the ternary metallic oxides, compounds with the pyrochlore structure,
with general formula A2B2O7, in which A is a rare-earth ion and B is usually a tran-
sition metal, exhibit a wide variety of interesting physical properties. Most of the
pyrochlore oxides are known as (3+, 4+) type, A3+2 B
4+
2 O7, although there are a few
of them known as (2+, 5+) type, A2+2 B
5+
2 O7 [2]. Possessing remarkable composi-
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tional and structural flexibility, pyrochlore oxides can exhibit a variety of properties
and, therefore, are used in different areas such as electronic devices [3–5], catalysts
[6–9] and disposition of actinides [10, 11]. The properties of pyrochlores, like other
materials, are tightly linked to their structural defects which can be induced during
synthesis process.
1.1.1 Structure of pyrochlores
The space group of pyrochlores is Fd3m and the A site (16d) and B site (16c)
cations ordered into separate interpenetrating lattices of corner-sharing tetrahedra
(Fig. 1.1) [12–14]. Seven of eight tetrahedral coordination formed by only A (8b) or
two A and two B (48f) are occupied by oxygen; while the one surrounded by four B
(8a) is unoccupied [14, 15]. Since the oxygen atoms located in the tetrahedra made
by four A atoms (8b) are crystallographically non-equivalent to the other oxygen
atoms (48f), the general pyrochlore formula is written as A2B2O6O
′. Regardless the
type of A and B atoms, the 8b oxygen sites are located at the fractional coordinates
of 3/8, 3/8, 3/8. However, the fractional coordinates of the oxygen sites at 48f
position is written as x, 1/8, 1/8 where the value of x is in the range of 5/16 to 3/8
depending the type of A and B atoms [2]. For instance, the value of x is considered
0.3348 in Fig. 1.1.
If we only consider the cation sites in the pyrochlore oxides, structure can be un-
derstood by examination of the {1 1 1} planes as shown in Fig. 1.2. On these planes,
sheets of metal atoms have a hexagonal Kagome pattern and alternate between A
(light brown) and B (dark brown) in Figs. 1.2(a-c). In each A layer, B atoms sit
at the centre of a A hexagon (Fig. 1.2(a)). These B atoms also lie at the vertex of
a pair of opposing B tetrahedra that link to the B Kagome layers above and below
Figs. 1.2(c) and (d). A similar pattern is found for A atoms in the B Kagome layer
(Fig. 1.2(e)).
The properties of pyrochlores, like other materials, are tightly linked to their struc-
tural defects which can be induced during synthesis process. Since A2O3 and BO2
are usually used as the starting material for synthesis of the pyrochlore oxides, an
initial (or even local) excess in the amount of one of the A or B oxide is unavoidable.
Stanek et al. [16] indicated in their theoretical investigations that any A2O3 excess
always is compensated by oxygen vacancies as well as occupying the B site by A
atoms while a BO2 excess led to the formation of A
3+ vacancies.
Structure of titanate pyrochlores with the stoichiometric and non-stoichiometric
compositions has been widely studied [14–19]. Consistent with the theoretical results
performed by Stanek et al. [16], X-ray diffraction results conducted by Yang et al.
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Figure 1.1: (a) shows the position of atoms in a unit-cell of A2B2O7 pyrochlore; A, B,
O(48f) and O(8b) are shown in cyan, blue, red and yellow, respectively. (b) and (c) display
the atoms’ positions in a unit-cell along [0 0 1] and [1 1 0], respectively. (d) illustrates the
separate interpenetrating lattices of corner-sharing tetrahedra formed by A and B cations.
[19] showed that lattice swelling occurs in Er2(Ti2−xErx)O7−x/2 by increasing the x
values (Er2O3 excess). The same trend in lattice swelling has been also reported in
Lu2(Ti2−xLux)O7−x/2 [18]. The interpretation of this lattice swelling in the titanate
pyrochlores is that excess Er/Lu atoms reside on the Ti sites [18, 19]. In general,
excess A cation content is known as “stuffing” [12, 13]. Excess B cation content
is less well-studied, and has become known as “anti-stuffing”. These terms will be
used frequently throughout this thesis.
1.1.2 Radiation resistance of pyrochlores
When an energetic particle, e.g. ion or electron, penetrates a solid material, it
collides with the nuclei as well as the electrons of the material [1]. As a result of
such collision, the energy of those energetic particles is transferred to the target
atoms [1]. If the transmitted energy is high enough to cause the target recoil atoms
to leave their positions in the atomic networks, various atomic scale defects may
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Figure 1.2: (a) and (b) display (1 1 1) Kagome layers of A (light brown) and B (dark
brown) cations, respectively. (c) shows how the structure of pyrochlore is formed by the
stack of alternate (1 1 1) Kagome layers of A and B cations. (d) and (e) illustrate the
configuration of A and B tetrahedra in the Kagome layers, respectively.
induce in the irradiated material [1]. Although many of the induced point defects
such as vacancy–interstitial pairs disappear immediately after the irradiation (on
the picosecond time scale), some defects could remain in the structure or even form
some complex defects [1].
The slowing down process of an energetic ion/electron in a solid target can be
separated into two different mechanisms; electronic stopping (energy loss to the
target’s light electrons) and nuclear stopping (energy loss to the target’s atomic
positive cores) [1, 20, 21].
Ion irradiation: The nuclear stopping in ion irradiation is as a consequence
of ballistic collisions between the ion and the nuclei of atoms in the target [1].
Consequently, the ion kinetic energy is partly transmitted to an atom in the target
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material as a whole, leading to its translational motion [1]. It is worth mentioning
that the nuclear stopping mechanism is dominant for relatively slow ions, i.e. E ≤
100 keV/amu (Fig. 1.3) [1]. At higher energies, however, the nuclear collisions
generally arise as a result of independent binary collisions of target atoms, between
which the ion moves in an almost straight path [1]. As for relatively high energy
ions, the electronic stopping mechanism is dominant. The electronic stopping in
ion irradiation originated from inelastic collisions between the moving ion and the
electrons, which can be bound or free, in the target [1]. Hence, the electronic
stopping could occur as a result of many physical processes, including ionization
of the target atoms, excitation of electrons into the conduction band, collective
electronic excitations such as plasmons, etc. [1].
Figure 1.3: Stopping power (electronic and nuclear) as a function of ion energy for H, Ar,
and Xe ions moving in a carbon target (adapted from [1]).
Electron irradiation: The slowing down mechanisms in electron irradiation,
like in ion irradiation, are the electronic and nuclear stopping. It should be noted
that although nuclear stopping occurs in electron irradiation, only a small fraction
of the projectile (electron) energy can be transferred to a nucleus of target because
of momentum conservation [1, 21]. The maximum transferred energy (Tm) with an
elastic collision between the projectile and target atom can be roughly calculated as
follows:
Tm =
4E
Mc2
(E + 2m0c
2) (1.1)
where m0, M and E are the electron mas (at rest), target atom mass and initial
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kinetic energy of the electron [22]. For instance, if Y2Ti2O7 pyrochlore is exposed to
an electron irradiation of 200 keV, a maximum energy that can be transferred to the
Y, Ti and O atoms in the structure are approximately 5, 9 and 27 eV, respectively.
According to the calculations performed by Xiao et al. [23], the average threshold
displacement energies for Y, Ti and O atoms are 35.1, 35.4, 17.0 and 16.2 eV for Y,
Ti, O (48f) and O (8b) atoms in the Y2Ti2O7 structure, respectively. Thus, only
oxygen displacement may occur in a perfect Y2Ti2O7 pyrochlore at 200 keV electron
irradiation.
A radiation-induced order-disorder transformation occurs in many pyrochlores by
disordering of the A- and B-site cations, as well as anion vacancies [14]. One of the
most important parameters which generally defines the level of cation disordering
in these materials is the ratio of the ionic radii of the cations at the A- and B-
sites (rA/rB) where 1.46 ≤ rA/rB ≤ 1.78 in the A3+2 B4+2 O7 type oxides [2, 14, 24].
When the cation radii ratio is smaller than 1.46 or larger than 1.78, a structural
transformation from the pyrochlore to a defect-fluorite ((A,B)4O7; see Fig. 1.4
for more information about fluorite and defect-fluorite structures) or a monoclinic
layered perovskite-type structure occurs, respectively [14, 24]. On the other hand,
imperfection in the anion sites (e.g. displacement of an atom from its lattice position
to an interstitial site known as Frenkel defects) is related to the level of cation
disordering since the oxidation state of A cations (3+) is not the same as that of B
cations (4+) [25].
An order-disorder transition has been observed in ion-irradiated pyrochlores [14].
The results of an experimental work conducted by Lang et al. [26] indicate an
increment in the Zr content in Gd2Zr2−xTixO7 led to an enhancement in the ra-
diation stability of this pyrochlore. In fact, since Gd2Zr2O7 (rA/rB = 1.46) lies
at the boundary between an ordered pyrochlore and the defect-fluorite structure,
formation of anti-site defects causes a radiation-induced amorphization resistance
in this material [14]. However, stuffing Ti atoms onto the Zr sites increases the
susceptibility to amorphization as a result of an increment in the formation energy
of cation anti-site defects (an increment in rA/rB).
Compared to other pyrochlores, the titanate pyrochlores have a lower radiation
resistance as a result of a lower tendency to undergo an order-disorder transition due
to the higher formation energy of cation anti-site defects (high cation radii ratio)
[14, 15]. Nevertheless, Shamblin et al. [24] showed that for the titanate pyrochlores,
those with small A-site cations like Yb2Ti2O7 – the material of interest in this
thesis – exhibit a lower susceptibility to amorphization when they are exposed to
ion irradiation. In fact, of all the titanate pyrochlores, Yb2Ti2O7 possesses the
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Figure 1.4: (a) Position of atoms in the fluorite (CaF2) structure; Ca (at face-centred
cubic (FCC) sites) and F (tetrahedral sites) are shown in light blue and green respectively.
(b) Position of atoms in a defect-fluorite ((A,B)4O7); cations and oxygen atoms are shown
in blue and red respectively. The difference between fluorite and defect-fluorite structure is
a missing anion (anion vacancy) in the latter.
lowest cation radii ratio (rY b/rT i = 1.63 [15]), giving a comparatively low energy
anti-site defects and, therefore, the prevention of amorphization during irradiation.
1.1.3 Magnetic frustration in pyrochlores
“Competing interactions, or frustration, are common in systems of interacting
degrees of freedom” [12]. The frustration arises when a system cannot minimize
all the pairwise interactions simultaneously since each of the interactions in com-
petition tends to favour its own characteristic spatial correlations [12, 27]. There
are two classes of frustrated magnetic systems; geometric frustration and random
frustration.
Random frustration occurs in systems where the frozen degrees of freedom e.g.,
positions of the magnetic atoms are not repeated periodically [12]. In AuFe, for
instance, the interaction between the Fe magnetic moments can be either ferro-
magnetic or antiferromagnetic depending on the distance between two magnetic Fe
atoms [12]. Such a system, called spin-glass, shows a transition from a paramagnetic
state of thermally fluctuating spins to a glasslike state of spins in which, although
the spins are frozen in time, they are random in direction [12].
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Geometric frustration occurs when magnetic moments, which prefer anti-alignment,
reside for example on a triangular crystal lattice [28]. In such a configuration, there
is no simple pattern that satisfies all of the bonds since it is impossible for the
three spins to align mutually antiparallel to each other (Fig. 1.5(a)) [12, 28]. The
picture for an edge-sharing triangular lattice formed from many triangles is com-
plicated since a massive level of configurational spin disorder arises [12]. Hence,
such a system exhibits an extensive residual entropy at low temperatures and no
phase transition down to absolute zero temperature [12]. As displayed in Figs. 1.5(b-
d), there are three types of crystal lattice with triangular geometry which can show
geometric magnetic frustration; the triangular, Kagome and pyrochlore lattices [29].
Figure 1.5: (a) When three magnetic cations locate on the vertices of an equilateral
triangle, their all three spins cannot be aligned mutually antiparallel to each other. (b), (c)
and (d) show the triangular, Kagome, and pyrochlore lattices which can exhibit magnetic
frustration, respectively (from [29]).
An antiferromagnet consisting of a two-dimensional triangular lattice of spins,
which can only point in two possible (up or down) directions according to the Ising
model [30], is one of the prototypes of magnetic frustration [12, 29]. In this lattice
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system, although the spins are restricted to the ground states of the Ising antiferro-
magnet, they continue to fluctuate thermally at low temperatures [29]. By analogy
to an ordinary liquid (in which although the molecules establish a dense and corre-
lated state, they are not in a static order state), the spins in the triangular lattice
establish a spin-liquid, or cooperative paramagnet [29].
As mentioned before in Section 1.1.1, the A and B cations in the pyrochlore
structure lie on distinct but interpenetrating lattices of corner-sharing tetrahedra.
Such a lattice is incompatible with a simple organisation of magnetic moments and
leads to geometric frustration [12]. By analogy with the large ground-state entropy
of crystalline H2O [31], which has an oxygen lattice of corner-sharing tetrahedra,
the ground states of several magnetic A2B2O7 materials (e.g. Dy2Ti2O7, Ho2Ti2O7,
Pr2Sn2O7 and Dy2Sn2O7) have been proposed to be a spin-ice [12, 32]. In a spin-
ice, each tetrahedron has two spins pointing inwards and two outwards (so-called
ice rules [12, 27]). Nevertheless, other unusual behaviours have been observed in
A2B2O7 pyrochlores, including spin glass (e.g. Mn2Sb2O7 and Y2Mo2O7) [32–34],
and spin liquid (e.g. Tb2Ti2O7 and Pr2Ir2O7) [12, 32] states, as well as magnetic
configurations modified by quantum fluctuations (e.g. Y2Ti2O7 and Nd2Ru2O7) [12,
13, 35–37]. The qualities of any given A2B2O7 compound are principally dictated by
the elements A and B, but can be strongly altered by structural defects, particularly
“stuffing” of magnetic A3+ ions onto nonmagnetic B4+ sites and oxygen, A-site or
B-site vacancies [12, 13, 35–37].
In this thesis, the pyrochlore of interest is Yb2Ti2O7. The picture for Yb2Ti2O7
is complicated by reports of different results for polycrystalline and single crystal
samples, and for different samples with nominally identical form, stoichiometry, and
structure [38–40]. An early study found a peak in the temperature dependence
of the heat capacity of Yb2Ti2O7 at 214 mK [41], consistent with later neutron
scattering, muon spectroscopy, and magnetization studies that associate the heat
capacity anomaly with a first-order transition to ferromagnetic long-range magnetic
order [40, 42–45] with a collinear or nearly collinear magnetic structure [42, 43], an
ice-like splayed ferromagnetic structure [46] or all-in-all-out splayed ferromagnetic
structure [47]. Other works have proposed that this system is a quantum spin-
ice [38, 39, 48, 49] or quantum spin liquid [50, 51], or adopts a ground state with
short-range correlations where the magnetic moments continue to fluctuate down to
temperatures as low as 16 mK [52–54].
The origin of these discrepancies probably lies in subtle structural differences and
a proximity to one or more magnetic phase boundaries [55–57]. In such a case, even
small perturbations in exchange parameters, which could be driven by a number of
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(competing) factors, might be expected to produce significant changes in the nature
of the magnetic ground state. Small differences in stoichiometry are known to have
significant effects on the properties of Yb2Ti2O7. For many rare earth titanate py-
rochlores, stuffing of excess A3+ ions onto the Ti4+ site happens much more readily
than “anti-stuffing” of Ti onto the A-site [58]. This also seems to be the case for
Yb2Ti2O7. Ross and co-workers [38] studied the structure of single crystal and pow-
der samples of Yb2Ti2O7 exhibiting different low temperature magnetic properties
– different behaviour in their low temperature specific heat transitions (Fig. 1.6) –
using neutron powder diffraction. They found that neutron diffraction of Yb2Ti2O7
prepared as a powder was best fitted by a stoichiometric model (Fig. 1.7(a)), while
a float-zone grown single crystal, (prepared from stoichiometric starting materials),
was best described by stuffing of Yb onto 2.3% of Ti sites (Fig. 1.7(b)), rather than
Ti vacancies or anti-stuffing [38]. However, Baroudi and co-workers in a synchrotron
X-ray diffraction study proposed that Yb, being the smallest of the rare earth atoms,
could swap with Ti, producing up to 2% anti-site defects in their Yb2Ti2O7 powders
[58].
Figure 1.6: “Specific heat of a single crystal annealed in oxygen gas for 10 days (blue
circles), compared to a nonannealed slice of the same crystal (black triangles), as well as
the powder sample from Ref. [50] (red x’s)” [38] (from [38]).
Although, as mentioned above, stuffing of Yb3+ ions onto the Ti4+ site and anti-
stuffing of Ti onto the Yb-site have been proposed to explain the various low tem-
perature magnetic properties of Yb2Ti2O7, they have not been directly observed in
this material. Hence, I will examine the structure of Yb2Ti2O7 at the atomic scale
using electron microscopy technique in chapter 3 in order to find a direct evidence
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Figure 1.7: “A comparison of two models used in the refinement of (a) the powder sam-
ple and (b) crushed crystal sample. This figure shows data at T = 15 K only, as data
at all measured temperatures are similar. The stoichiometric model, corresponding to
Yb2Ti2O7, describes the powder sample well. For the crushed crystal sample, improve-
ments in modeling several peak heights are obtained using a stuffed model corresponding to
Yb2(Ti2−xYbx)O7−x/2, with x = 0.046(4) (2.3% substitution of Yb3+ for Ti4+)” [38] (from
[38]).
of stuffing or anti stuffing in this material.
1.2 Overview of Electron Microscopy
The human being has always been interested in investigation of their surroundings
by observing in order to gain a concrete understanding of the universe. The naked
eye can resolve two objects which are about 0.1 mm apart [59]. Therefore, if there
are two objects with a distance of less than 0.1 mm, we cannot resolve them and,
hence, we see those two as a single object. Such a resolution limit of the naked eye
has not satisfied the human’s impetuous passion to find an answer for this question
“what are materials made of?”. Although humans started to use magnifiers since
ancient times [60], it took a long time until Hans Janssen and his son Zacharias
Janssen, developed the first compound microscope made of two lenses in the late 16th
century [59]. The resolving power, defined as the smallest distinguishable distance,
of high-quality visible-light microscopes (VLM) are limited by the wavelength of
their illumination source as shown in Eq. (1.2) (based on Rayleigh’s criterion) to
about 200 nm [61, 62].
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δ =
0.61λ
µ sinβ
(1.2)
where λ, µ and β are the wavelength of radiation, refractive index of the view-
ing medium and collection semi-angle, respectively. Fluorescence microscopy with
super-resolution has been recently developed by W. Hell, W. E. Moerner and E.
Betzig, who received the Nobel Prize in Chemistry in 2014 for this development
[63]. This technique pushed limits of optical microscopes to nanometre scales [64].
Nevertheless, this technique cannot be used to characterize wide range of materials.
In 1925, Louis de Broglie [65] indicated for the first time that the electron has
wave-like characteristics and its wavelength substantially less than that of visible
light [62]. Two years later, in 1927, two research groups, Davisson and Germer and
Thomson and Reid, separately proved that the electrons have wave nature according
to their classic electron-diffraction experiments [62]. Finally, Knoll and Ruska [66]
proposed the idea of a transmission electron microscopy (TEM) for the first time in
1932 [62]. According to de Broglie’s equation, the wavelength of electrons is related
to their momentum and, therefore, can be calculated according to the accelerating
voltage, V, of the microscope as shown in Eq. (1.3) [62].
λ =
h
p
=
h[
2m0eV
(
1 +
eV
2m0c2
)]1/2 (1.3)
where h, p, m0, e and c are the Planck constant, momentum of electron, rest mass
of electron, unit electron charge and light speed in vacuum, respectively. The wave-
length of electrons calculated from Eq. (1.3) according to the accelerating voltage of
commercial TEM are listed in Table 1.1. As shown in Table 1.1, the wavelength of
the illuminating radiation in the TEM is substantially less than that in optical mi-
croscopes which is in the range of ∼100 to 700 nm. That means the resolving power
of the TEM is a couple of orders of magnitude better than the optical microscopes
(Fig. 1.8).
The majority of the results in this thesis were obtained using aberration-corrected
scanning transmission electron microscopy (ac-STEM), and this is covered in sec-
tion 1.2.2. However, before discussing ac-STEM in detail a brief describing of trans-
mission electron microscopy in general is now given.
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Table 1.1: Properties of the electron according to accelerating voltage of an electron
microscope (adapted from [62]).
Figure 1.8: The range of resolving power for human eye, VLM and electron microscopes
(adapted from [67]).
1.2.1 Transmission electron microscopy
In conventional transmission electron microscopy (CTEM) a wide-beam of elec-
trons is transmitted through a very thin specimen and the structural or chemical
data about the specimen can be obtained from interpreting the transmitted elec-
trons. In CTEM images, Contrast, defined as the appearance of a feature in an
image, is usually “diffraction contrast” (or the variations in intensity of diffracted
electrons across the sample) [68]. As the electron beam is transmitted through a
crystalline specimen, it is diffracted by the crystal lattice of the specimen. If spe-
cific diffracted electrons screened using an objective aperture and/or tilting specimen
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(electron beam) to a specific crystallographic direction, diffraction contrast images
can be obtained. This technique is useful to acquire images of defects such as in-
terfaces, dislocations, and second phase particles [68]. In addition to diffraction
contrast imaging, phase contrast imaging can be exploited in high-resolution trans-
mission electron microscopy (HRTEM) [68]. In fact, in the phase contrast imaging
technique “the phase of the diffracted electron wave is preserved and interferes con-
structively or destructively with the phase of the transmitted wave” [68]. Using this
technique, it is possible to obtain images from atom columns [68]. The schematic of
a typical TEM is displayed in Fig. 1.9.
Figure 1.9: The schematic of (a) a transmission electron microscope (from [68]) and (b)
the electron path from the electron source to a detector in a TEM (from [69]).
As shown in Fig. 1.9, images are formed using a set of magnetic solenoid lenses
in a TEM. Hence, the minimum resolving power of these microscopes – at a cer-
tain accelerating voltage – depends highly on the performance of their objective
lenses. The TEM lenses, like all magnetic lenses, have aberrations which affect their
performance. For example, when a magnetic lens does not have a perfect cylin-
drical symmetry, the lens distorts the beam to an elliptical shape and, therefore,
aberration called “astigmatism” occurs. Another important aberration, spherical
aberration (CS), occurs because of the fact that the focal length depends the beam
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off-axis distance. According to the Scherzer’s theorem [70], all static round magnetic
and electro-static electron lenses have a positive spherical aberration in which the
further the ray deviates from the optic axis, the closer focus occurs [68, 71].
TEM has recently undergone a significant advance with the advent of aberration
correctors, which push the resolution to a few tens of picometres. In fact, “it is
possible today not only to separate atom columns from each other laterally, but
also to measure the position of individual atom columns with a precision of up to
about a hundredth of an atomic diameter and to determine the occupancy of a given
column with atoms” [72]. Nevertheless, detecting light elements, like oxygen, in the
presence of heavy elements remains challenging.
Most of the contrast in HRTEM images is based on quantum mechanical phase
shifts as a result of interacting the electron wave field with the interatomic potential
in the specimen [72]. Since the post-field objective lenses transfer the phase contrast
formed by the electron-matter interactions to the image plane, their performance
determines the resolving power in the HRTEM images [73].
In TEM, sample is illuminated by an electron plane wave with an incident wave
function of ψin(r) = exp(2piik0.r) where, k0 is the wave vector [72]. In the crys-
tal, since the wave field interacts with the interatomic potential and, on the other
hand, the energy of the incident electrons is high (e.g. 200 keV), the wave function
represents a solution of the Dirac equation. Considering small-angle scattering ap-
proximation (i.e. considering electrons as free particles), spin polarization can be
neglected and, therefore, the Dirac equation adopts a time independent Schro¨dinger
form with relativistically corrected mass and wavelength [72]. Since the wave field
decomposes into several plane waves in the specimen, the exit plane wave function
(EPWF) can be written as a Fourier integral as below
ψep(r) =
∫
g
ψ(g) exp(2piig.r)dg (1.4)
here g stands for the reciprocal vector for individual components, representing the
spatial frequency [72].
After the specimen, the wave field passes through the electromagnetic lenses suf-
fering aberrations since the lenses are not perfect. It is possible to consider the effect
of these aberrations on the EPWF through multiplying its individual components
ψ(g) by a phase factor which is exp(−2piiχ(g)) [72]. The wave-aberration function,
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χ(g), is written as follow:
χ(g) =
1
2
C1λg
2 +
1
2
A1λg
2 sin [2 (φ− φA1)] +
1
3
A2λ
2g3 sin [3 (φ− φA2)]
+
1
3
B2λ
2g3 sin (φ− φB2) +
1
4
C3λ
3g4 + ...
(1.5)
where the parameters are: C1, defocus; A1, two-fold astigmatism; A2, three-fold
astigmatism; B2, second order coma; C3, third order spherical aberration [74–76].
φA1 , φA2 and φB2 are the azimuthal orientations of A1, A2 and B2, respectively.
A point in the object plane, as a result of aberrations, is imaged into a disc in the
image plane and the disc radius which is the resolving power, R, is calculated by
the point spread function [72]
R = max|∂χ
∂g
| = max|C1λg+A1λg sin [2 (φ− φA1)] + ...|. (1.6)
As electrons pass through the specimen, phase shift is introduced by the inter-
action of the wave field with the interatomic potential [72]. According to Scherzer
[77], phase contrast is proportional to sin(2piχ(g)), hence, as shown in Fig. 1.10(a)
for an uncorrected TEM, the resolution is limited by the value of gs known as the
Scherzer point resolution limit. However, Urban et al. [72] showed that it is possi-
ble to enhance contrast in the aberration corrected transmission electron microscopy
(ac-TEM) under negative spherical aberration conditions and, therefore, make light
atoms visible in TEM images (Fig. 1.10).
Figure 1.10: Plots of phase contrast transfer function (PCTF), sin(2piχ(g)), as a function
of spatial frequency, g, for (a) uncorrected microscope and (b) under negative spherical aber-
ration in aberration corrected microscope; gs and gI are Scherzer and information resolution
limits, respectively (adapted from [72]).
Jia (2001, unpublished data) managed to obtain for the first time ultrahigh resolu-
tion images from SrTiO3 using the negative spherical aberration imaging technique
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[72]. In this imaging technique, atom columns – even those containing light ele-
ments like oxygen – appear bright on dark background in certain settings of the
microscope’s aberration corrector (Fig. 1.11) [72]. However, using this technique is
not straight forward since the imaging area must be flat and very thin (a couple
of nanometres). In addition, careful simulation studies are required to optimise the
aberration values for a certain sample thickness in order to be used as the settings of
the microscope’s aberration corrector. A deviation from these optimised values may
result in contrast that looks like an atom column somewhere in image which is not
related to the position of any column. For instance, as shown in the HRTEM image
obtained from a Yb2Ti2O7 crystal under negative spherical aberration (Fig. 1.12),
all atom columns in this material has not been projected at their real positions.
Figure 1.11: [1 1 0] experimental TEM image of SrTiO3 in which all three atom columns
are visible (from [72]).
1.2.2 Scanning transmission electron microscopy
In scanning transmission electron microscopy (STEM), in contrast to CTEM,
a fine focused beam formed by a probe forming lens is transmitted through and
scanned across the thin specimen [78, 79]. Thus, the performance of a STEM highly
depends on the magnetic lenses which focus the electron beam on a specimen. In
the STEM technique, while the electron beam scans a thin specimen pixel by pixel,
the structural or chemical data from the specimen can be collected by different
detectors (Fig. 1.13) [79]. A variety of structural and chemical data such as atomic
resolution images, diffraction patterns from nanometre regions and atomic resolution
compositional maps can be acquired either simultaneously or sequentially from the
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Figure 1.12: (a) [1 1 0] HRTEM image of Yb2Ti2O7 taken under negative spherical
aberration (scale bar is 2 nm). (b) shows an area from (a) at higher magnification with
overlaid schematic of atom columns’ positions in Yb2Ti2O7; Yb, Ti and O are in yellow,
blue and red, respectively (scale bar is 0.5 nm). Note: the presence of significant bright
spots and streaks in positions unrelated to the atom columns.
same area of the specimen using this technique [80]. This makes STEM the most
powerful method to characterize materials at the atomic scale [80]. In this section a
number of imaging as well as analytical techniques which can be exploited in STEM
to characterize the atomic structure of materials will be introduced.
The resolving power in STEM also depends on the probe-forming lens’s aberra-
tions. These aberrations cause a point object to be projected as a Gaussian image
with a finite radius [62]. Even if the convergent lens is free of aberrations, it cannot
collect all the electron waves of the electron source (aperture) and, therefore, cannot
form a perfect image of the source as a fine focused beam [81]. In this case, as il-
lustrated in Fig. 1.14(a), the image of the source is a bright disc, known as the Airy
disc, in the centre and a series of concentric bright rings around the disc. Therefore,
the resolving power (diffraction limit, rdif ) of even an aberration-free lens is limited
by the radius of the Airy disc as defined in Eq. (1.7).
rdif ≈ 0.61λ
α
(1.7)
where α is the probe convergence semi-angle.
Since magnetic lenses are not free of aberration, the resolving power in STEM
depends on a combination of diffraction limit and lens’s aberrations. The most
important aberration in electron microscopes are defocus, astigmatism, spherical
aberration and coma. The effect of a certain amount of each one of these aberrations
and also a combination of all of them on the probe’s shape are shown in Figs. 1.14(b–
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Figure 1.13: (a) Schematic diagram shows the various structural and chemical data (in-
cluding EDX, Auger electron spectroscopy (AES), scanning Auger microscopy (SAM), sec-
ondary electron spectroscopy (SES), scanning electron microscopy (SEM), annular dark-field
(ADF), high-angle annular dark-field (HAADF), coherent electron nano-diffraction (CEND),
electron energy loss spectroscopy (EELS) and bright-field (BF)) which can be acquired in
STEM, see Ref. [80] for more information (adapted from [80]). (b) Schematic of electrons
scattered by an isolated atom.
f).
Defocusing the lens produces a position error in the electron trajectory of the
beam [76]. Hence, it can change the radius of the probe at the objective lens’s
focal plane. However, defocus can be easily corrected by moving the specimen or
changing the magnetic field of the lens [76]. In addition, when the magnetic field
of the lens is not uniform, the electrons which spiral round the optic axis suffer a
non-uniform magnetic field and, therefore, astigmatism occurs (Fig. 1.15(a)) [62].
In such a condition, images are distorted with an amount of rast where
rast = α∆f (1.8)
and ∆f is the maximum difference in focus induced by the astigmatism [62]. Al-
though astigmatism can be corrected theoretically in the ac-STEM, small amounts
may remain in the image in practice [76].
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Figure 1.14: Simulated images (the images are 4 nm by 4 nm) for the probe formed by
using 15 mrad aperture at the objective lens’s focal plane where the objective lens has (a)
no aberration, (b) 5 nm defocus, (c) 5 nm astigmatism, (d) 100 µm spherical aberration, (e)
500 nm coma and (f) all the aberrations mentioned in (b–e). Image simulations performed
with QSTEM [82] multislice software.
Spherical aberration occurs when the lens field behaves differently for off-axis
rays since the magnetic field further away from the axis is stronger than is required
(Fig. 1.15(b)) [62, 76]. Therefore, as shown in Fig. 1.15(b), a point object (P ) is
imaged as two discs, one in the plane of least confusion with a minimum radius
and another in the Gaussian image plane with a larger radius (P ′) [62]. Hence, the
image of a point is a high-intensity disc surrounded by a halo of decreasing intensity
(Fig. 1.14(d)) [62]. Spherical aberration also distorts the image by an amount of
rsph where
rsph =
1
2
CSα
3 (1.9)
and CS is the spherical-aberration coefficient [62].
When an object point is slightly off the optic axis, all the rays passing through the
centre of the lens will travel in their direction without any deflection [81]. However,
those rays passing through the peripheral field of the lens will be focussed at different
points (Fig. 1.15(c)) as they will experience different magnetic fields and, thus, the
point object may appear distorted (Fig. 1.14(e)) [62, 81]. Such a distortion is known
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Figure 1.15: Schematic of electron trajectories in the presence of (a) astigmatism, (b)
spherical and (c) comatic aberrations (adapted from [62, 81]).
as Coma or comatic aberration.
It is possible to calculate the beam size in STEM. The initial value for the beam
radius is the initial Gaussian radius at the source (rsource) which defined as
rsource =
1
piα
(
I
B
)1/2
(1.10)
where I and B are the probe’s emission current and brightness, respectively [62,
81]. However, this radius is broadened by the effect of the aberrations. A rough
calculation of the beam radius can be obtained using Eq. (1.11). As shown in
Fig. 1.16, although an increase in the α value decreases both rsource and rdif , there is
a limitation for this increment since above a certain point the α value dramatically
increases the beam radius (Eqs. (1.7), (1.9), (1.10) and (1.11)). Thus, it is very
important to calculate the optimum value for α before choosing an aperture in
STEM in order to obtain the best resolution.
rbeam =
(
r2source + r
2
dif + r
2
sph
)1/2
(1.11)
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Figure 1.16: Calculation of the beam radius as a function of the convergence semi angle
with a lens’s spherical aberration of 3 µm and the probe’s emission current and brightness
of 10 nA and 10 Anm−2Sr−1, respectively.
I. Imaging techniques
In STEM, while the convergent beam transmitted through the specimen, it is
diffracted and/or scattered resulting in the formation of convergent beam electron
diffraction (CBED) patterns on the back focal plane of the objective lens. As illus-
trated in Fig. 1.17(a), a CBED pattern consists of sets of convergent beam discs,
the radii of which are determined by the angular size of the objective aperture, at
the specimen [80]. If α is bigger than the Bragg diffraction angle of the diffract-
ing planes, θB, then the convergent beam diffraction discs overlaps as displayed in
Fig. 1.17(b) [80]. By placing a detector at the diffraction plane (or an equivalent
plane below the intermediate and projector lenses), to collect the diffracted electrons
as the electron nanoprobe is scanned across the specimen, a STEM image is formed
[80]. As described below, various forms of images can be obtained using different
detector configurations in STEM [80].
a. Annular Dark-Field
In the annular dark-field scanning transmission electron microscopy (ADF-STEM),
while a probe (focused beam of electrons) scans an area of the sample step by step,
scattered electrons are collecting by an annular detector (Fig. 1.18). Usually, the
inner radius of the detector is chosen such that no directly transmitted electrons are
detected and the signal depends only on electrons deflected by a sufficiently large
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Figure 1.17: (a) a schematic diagram displaying the formation of a CBED pattern (adapted
from [80]) and (b) an experimental example of a CBED pattern from Yb2Ti2O7 with a
convergence semi angle of 15 mrad along [2 1 1] zone axis (scale bar is 10 mrad). The red
circle in (b) shows non-diffracted disc while the white ones show the diffracted discs.
angle. Thus, the intensity of each pixel in the ADF image is proportional to the total
number of scattered electrons collected by the detector. In addition, since data are
collected pixel by pixel in this technique, the size of the scanning area determines
the image magnification.
If the inner angle, βI , of the ADF detector is a little larger than the probe con-
vergence angle α (Fig. 1.18), electrons from the electron beam diffracted coherently
can reach the detector and, therefore, contribute the overall signal recorded by the
detector [83]. This kind of imaging mode, known as medium-angle annular dark-
field (MAADF) or low-angle annular dark-field (LAADF), can be utilized to show
features which diffract strongly such as strained areas [83]. In contrast, when the
ADF detector inner angle is at least three times bigger than α, there will be lit-
tle diffracted intensity on the detector and the main source of electrons arriving at
the detector will be from high-angle, Rutherford scattering of electrons by atomic
nuclei (Fig. 1.13(b)) [83, 84]. In this case, since high-angle scattered electrons are
collected by the detector, this imaging technique is called HAADF. Therefore, the
images contain quantifiable composition information [83, 84] due to the atomic num-
ber sensitivity of Rutherford electron scattering [85–90]. Intensity in the HAADF
images increases with atomic number Z1.5 to Z2 [76, 91], giving different contrast
for atom columns of different composition when a crystal is viewed along a zone
axis; hence this technique is also called Z contrast imaging. Numerous quantitative
STEM studies have successfully applied compositional analysis – even with an atom
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Figure 1.18: Operating principle of simultaneous acquisition of ADF and BF images. α,
βI and βO are the probe convergence angle, inner and outer angles of the ADF detector,
respectively.
precision – on a wide range of materials [83, 85, 89, 92–99].
Light elements in HAADF images, of materials containing a mix of light and rela-
tively heavy elements, are often invisible as a result of their low signal to noise ratio.
For instance, oxygen is invisible in the ADF images of oxide materials containing
cations with relatively high atomic numbers. Although there is a widely-held opin-
ion that the oxygen atoms are not visible in the dark-field ADF images [100–102],
Lu et al. [103] devised a method to make the oxygen columns visible by processing
HAADF images of titania nanocrystals with the thickness smaller than 8 nm. How-
ever, apart from the thickness limitation, applying this method may not work for
other materials in which the oxygen columns are very close to the cations’ columns.
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b. Bright-Field
In bright-field scanning transmission electron microscopy (BF-STEM) imaging,
shown schematically in Fig. 1.18, the direct beam as well as inelastic scattered
electron with the angles usually smaller than 1° (∼20 mrad) are collected by a
circular detector [62]. While the ADF images contain incoherent contrast roughly
proportional to the projected mass thickness of the sample, the BF images contain
coherent contrast similar to CTEM [104]. Hence, BF is considered as a phase
contrast imaging technique.
Since atom columns – even those containing light atoms – can scatter the electrons
by angles higher than the detector radius, they appear with dark contrast in the BF
images. In 1974, H. Rose [105] proposed the concept of annular bright-field (ABF)
imaging technique. However, many years elapsed before it was used effectively. In
2009, Okunishi et al. [106] successfully used the ABF for imaging the light atoms
like oxygen in the structure of SrTiO3 and Fe3O4. In fact, they used an annular
detector instead of a circular one and obtained better resolution than conventional
BF-STEM as a result of removing the oscillating contrast transfer (Fig. 1.10) from
the detected signal. The ABF method have been successfully used to observe the
atom columns of light elements such as O, Li and even H in the materials containing
relatively heavy columns (e.g. Y, Sr, Ti, Fe and Co) [106–109].
II. Analytical techniques
Today, modern STEM are equipped with chemical composition measuring instru-
ments such as EDX and EELS. Using a combination of the STEM imaging and
the above mentioned compositional analysis techniques, it is possible to obtain a
comprehensive information about both the atoms’ positions and their composition
materials.
a. Energy dispersive X-ray spectroscopy
High energy electrons can excite an atom if they kick out an electron from one
of the inner shell orbitals of the atom and leave a core-hole. The created core-hole
can be filled by migration of an electron from the outer shell and consequently the
excess energy of the migrant electron emits as a characteristic X-ray (Fig. 1.19(a)).
In STEM, while the ADF and/or BF signals are acquiring, an element distribution
image (EDX map) can be simultaneously acquired by counting the X-ray photons
emitted from the scanned area. However, the resolution of the EDX map may be
quite different from that of the STEM images since the EDX’s spatial resolution
is controlled by not only the incident probe size but also its broadening in the
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specimen depending the specimen thickness [110]. In general, EDX resolution can
be improved by minimizing both the probe size and its broadening. As displayed
in Fig. 1.19(b), the latter can be achieved using thinner specimens and the former
can be obtained by exploiting higher brightness field-emission gun (FEG) sources
(acquiring enough signals while using a small probe) [110]. In the ac-STEM, where
sub-angstrom probe sizes can be achieved, it is feasible to obtain atomic resolution
EDX map from materials. Recently, measurement of composition at the atomic
scale has been demonstrated using EDX in several research works [111–114].
Figure 1.19: (a) schematic of K X-ray emission as a consequence of electron bombardment
of an atom and (b) comparison of the excitation volume of an specimen in a thermionic
source and FEG-STEM, respectively (adapted from [110]).
b. Electron energy loss spectroscopy
“EELS involves analysing the energy distribution of initially monoenergetic elec-
trons after they have interacted with a specimen” [115]. When high energy electrons
travel through a solid specimen, they interact with the specimen’s atoms by elec-
trostatic (Coulomb) forces [115]. As a consequence of these forces, a fraction of the
incident electrons is scattered while the direction of their momentum is changed
[115]. Furthermore, in many cases the scattered electrons transfer a certain amount
of energy to the specimen [115]. In the case of single scattering (very thin speci-
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men) where the incident beam only loses energy to one atom of the specimen, the
transferred energy from the incident beam to the specimen is equal to the amount
of energy required to transfer an electron from a lower energy level to a higher one
(Fig. 1.20(a)). An EELS spectrum is composed of three main regions, as shown
in Fig. 1.20(b), which are the zero-loss peak (ZLP) as well as low-loss (LL) and
core-loss (CL) regions [110].
Figure 1.20: (a) shows schematically the inelastic scattering of an electron as a result of
the Coulomb repulsion by an outer-shell atomic electron; the arrows show the excitation
and de-excitation transitions of the atom and (b) shows a typical EELS spectrum.
The ZLP or elastic peak represents unscattered electrons as well as electrons that
are transmitted without suffering measurable energy loss [115]. Considering the
fact that the outer-shell electrons can undergo single-electron excitation as well as
collective electron excitation known as plasma resonance, inelastic scattering from
outer-shell electrons gives rise to appearance of a series of peaks in LL region of the
spectrum [115]. Since the outer-shell electrons of the atoms govern the optical and
electronic properties of materials, the LL region of EELS spectrum can be used to
investigate such properties of materials. In addition, the natural logarithm of the
ratio of the integrated area under the LL region to the ZLP is a good indication of
the specimen thickness at the position where the spectrum has been acquired [110].
At the CL region, at typically energy losses higher than 100 eV, the number of
collected electrons decreases rapidly, making it convenient to use a logarithmic scale
for the recorded intensity [110, 115]. “Superimposed on this smoothly decreasing
intensity (in the logarithmic scale) are features that represent inner-shell excitation;
they take the form of edges rather than peaks, the inner-shell intensity rising rapidly
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and then falling more slowly with increasing energy loss” [115]. The energy-loss value
at which the sharp rise of each edge appears is approximately the binding energy of
the corresponding atomic shell and, thus, it is an excellent signature of the chemical
species’ identity [110, 115]. Nevertheless, the exact value of the transition energy
may have a few electron volts deviation from the binding energy of the corresponding
atomic shell since it depends on the environment in the specimen [110].
Both the LL peaks and CL edges, when they are acquired with a high energy
distribution resolution, contain a fine structure related to the crystallographic or
energy band structure of the specimen [115]. For instance, as illustrated in Fig. 1.21,
different allotropes of carbon can be identified even with an energy distribution
resolution of 2 eV [115].
Figure 1.21: EELS spectra (containing LL and CL) of diamond, graphite and amorphous
carbon (from [115]).
Moreover, measurement of composition at the atomic scale is also possible using
EELS [115, 116]. As the beam scans an area of the specimen and the ADF signal is
obtained pixel by pixel, it is possible to acquire simultaneously an EELS spectrum
for each pixel. In this case, the data can be stored as a four-dimensional dataset con-
taining compositional information for each pixel of the image. Using this technique,
measurement of composition – even at the atomic scale – has been demonstrated in
several research works [83, 117–119].
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Chapter 2
Experimental procedures
In this thesis I investigate the atomic structure of ytterbium titanate pyrochlore
with both stoichiometric and non-stoichiometric compositions using STEM. Infor-
mation about sample preparation and electron microscopy techniques which I use
to characterize the samples is provided in this chapter. I will present results of
structural characterization for the stoichiometric and non-stoichiometric samples in
chapter 3 and chapter 4, respectively.
2.1 Materials
2.1.1 Synthesis of ytterbium titanate pyrochlore
General information about samples which I characterize in this work are listed in
Table 2.1. Polycrystalline (powder) samples of ytterbium titanate with deviations
from perfect stoichiometry, i.e. Yb1.95Ti2O7−ξ and Yb2.05Ti2O7+ξ, were synthesized
using a solid state reaction method. Stoichiometric quantities of Yb2O3 and TiO2
powders were repeatedly ground, pressed into pellets, and sintered at 1150 °C for
12 hours, with a final firing at 1350 °C for 24 hours.
Table 2.1: Information about samples characterized in this work.
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Stoichiometric Yb2Ti2O7 samples were prepared as single crystals by the floating
zone method. Stoichiometric quantities of Yb2O3 and TiO2 powder were mixed,
pressed into rods and then sintered at 1150 °C (sample 1 and sample 3) or 1350 °C
(sample 2) for 24 hours. Using these rods, single crystals were grown in air at a rate
of 1.5 mm/h (sample 1 and sample 3) or 2 mm/h (sample 2). The crystals had a
typical diameter of ∼6 mm and a length of 20 to 30 mm. The samples were used in
previous published works [42, 43, 45].
2.1.2 Structure of Yb2Ti2O7
As mentioned in Section 1.1.1, the structure of Yb2Ti2O7, like other pyrochlores,
can be described as a repetition of alternating {1 1 1} Yb and Ti Kagome layers. In
each Yb layer, Ti atoms sit at the centre of an Yb hexagon (top, Fig. 2.1(a); most
oxygen atoms have been omitted for clarity). These Ti atoms also lie at the vertex
of a pair of opposing Ti tetrahedra that link to the Ti Kagome layers above and
below. A similar pattern is found for Yb atoms in the Ti Kagome layer (bottom,
Fig. 2.1(a)). Each metal atom is surrounded by an octahedron of oxygen ions that
either lie on a Wyckoff f -site (red) or b-site (yellow). Note that all the cations of
the same type are symmetrically identical, and this pattern is found on all of the
symmetrically equivalent {1 1 1} layers. Crystallographic parameters for a perfect
Yb2Ti2O7 crystal [120] are listed in Table 2.2.
Table 2.2: Crystallographic parameters considered for a perfect Yb2Ti2O7 crystal with
the lattice parameter of 10.03 A˚ (adapted from [120]).
When viewed along [2 1 1], one set of {1 1 1} planes is seen edge-on. In this
projection there are four types of heavy atom column (Fig. 2.1(c)); those containing
only Yb, those containing only Ti, and two different mixed (M) columns containing
50% Ti and 50% Yb. The difference in M columns arises because there are twice
as many oxygen atoms around 50:50 columns in the Yb Kagome layer (M1) in
comparison with 50:50 columns in the Ti Kagome layer (M2). In this projection
the oxygen atom columns lie ∼72 pm from the M1 columns while those next to
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Figure 2.1: (a) The pyrochlore structure of Yb2Ti2O7 (see text for details). (b) [2 1 1]
ADF-STEM image of Yb2Ti2O7 with Yb and Ti tetrahedra overlaid (scale bar is 1 nm).
Four different types of atom columns are visible, marked by circles. The Yb columns are the
brightest, followed by mixed columns M1 and M2, while the Ti columns are the faintest.
(c) Corresponding projection of the crystal structure showing the Kagome layers and the
four different types of atom column. (d) [1 1 0] ADF-STEM image of Yb2Ti2O7 (scale bar
is 1 nm). (e) Corresponding projection of the crystal structure showing the three different
types of atom column in this direction. Voronoi cells, used for measurement of intensities
in the images along both the [2 1 1] and [1 1 0] directions, are illustrated in green in (b-e).
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M2 columns lie at a distance of ∼49 pm. Furthermore, in each atom column the
distance between one cation and the next along [2 1 1] is large (∼6.14 A˚) leading
to a relatively low number of atoms in each column for a thin specimen. This
provides favourable conditions to detect the substitution of Ti on a Yb column (or
vice versa) through a difference in HAADF-STEM contrast. On the other hand, in
[1 1 0] direction the distance between one atom column and the next is large enough
(∼3.07 A˚) to overcome limitation of spatial resolution due to delocalization effects
[115] and, therefore, acquire high-quality atomic resolution EDX/EELS elemental
maps.
2.1.3 Magnetic properties
As described in section 1.1.3, different Yb2Ti2O7 single crystals with nominally
identical form, stoichiometry, and structure show different magnetic properties at
low temperatures. Hence, in order to discover the origin of such mysterious be-
haviour of this material, I am characterizing the atomic structure of three Yb2Ti2O7
single crystals showing different low-temperature specific heat characteristics al-
though they have the same composition (stoichiometry). As shown in Fig. 2.2(a),
sample 1 exhibits a sharp transition at ∼200 mK, consistent with the onset of long-
range magnetic order, typical of stoichiometric powder samples [50] although at a
reduced temperature. Sample 2 shows two relatively broad anomalies at ∼200 and
280 mK. This type of behavior could be explained by short-range magnetic order-
ing, with the magnetic correlation length limited by defects [38]. Finally, sample 3
exhibits no clear specific heat anomaly, consistent with a disordered magnetic state,
and is thus expected to have significant stuffing of Yb3+ onto the Ti4+ sites [38].
For the polycrystalline samples, the sample with less Yb than the stoichiometric
composition, Yb1.95Ti2O7−ξ, exhibits a transition at ∼270 mK (Fig. 2.2(b)), like
the stoichiometric powder samples [50]; however, the transition peak is not as sharp.
This means that this sample has some of the characteristics of a magnetically ordered
system but the extent of the magnetic correlations may be less in this sample than
the stoichiometric powder samples. In contrast, the Yb2.05Ti2O7+ξ, exhibits no clear
specific heat anomaly, consistent with a disordered magnetic state.
2.2 TEM sample preparation
In order to avoid any issues associated with sample inhomogeneity and to be able
to compare the microscopy and heat capacity results directly, the TEM specimens
were taken from the same sections of the single crystal or powder used for the specific
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Figure 2.2: Specific heat as a function of temperature in zero magnetic field for (a) the
three Yb2Ti2O7 single crystal samples [42, 43, 45] and (b) non-stoichiometric samples [M.R.
Lees unpublished data].
heat capacity measurements.
The powder samples were mixed with fine (∼1 µm) aluminium powder in a volume
ratio of 1:4 placing in an aluminium foil wrap and then cold rolling the mixed powder.
This produced a solid aluminium sheet encasing the powder approximately 5 × 10
mm in size and 100 µm in thickness.
A disc of 3 mm in diameter was cut out of each sample (Al sheet or single crystal)
and then mounted on a copper ring. Then, the TEM specimens were prepared using
standard routes, i.e. mechanical grinding followed by ion milling. In the first step,
the specimens were pre-thinned to a thickness of 20 – 50 µm by mechanical grinding
and polishing. In the next step, the mechanically polished specimens were thinned
down further to electron transparency using a GATAN (Model 691) precision ion
polishing system (PIPS). In this method, continuous bombardment of the specimens
by accelerated Ar+ ions at 6 keV decreases gradually the thickness of the specimens
down to electron transparency. Finally, surface damage was minimised by a final
low energy milling step at 500 eV for about seven minutes.
2.3 Transmission electron microscopy procedures
The principal microscope used to analyse the samples described in this thesis
was a doubly-corrected JEOL ARM200F microscope, operating at 200 keV. In this
microscope, the sub-angstrom probe size (full width at half maximum (FWHM) <
80 pm) and image resolution (resolution < 80 pm) allow atomic resolution imaging
33
both in STEM and TEM modes [121].
The microscope is equipped with a Gatan Quantum EELS which enables detection
and quantification of the elemental composition of materials at the atomic scale [121].
The microscope is also equipped with a 100 mm2 Oxford Instruments windowless
EDX detector which enables the acquisition of composition maps of materials with
atomic resolution [121]. Moreover, it is possible to obtain both the EDX and EELS
signals simultaneously using this microscope.
2.3.1 STEM imaging
The main aspects of interest for this work is the resolution and quantification of
intensities in STEM images. Therefore, the probe’s aberrations were corrected to
achieve both A2 and B2 values less than 10 nm as well as all the values for |C3|, A3
and S3 smaller than 1 µm (see Eq. (1.11) for more information). In addition, the
emission current and brightness were typically 200 µA and 70 Anm−2Sr−1, respec-
tively. According to Eqs. (1.7), (1.9), (1.10) and (1.11), a sub-angstrom resolution
can be achieved using a probe convergence semi-angle (α) in the range of ∼15 to 50
mrad for this microscope (Fig. 2.3). Hence, the images in this work obtained with
the α value of 15 or 29 mrad.
Figure 2.3: Calculations of the probe size as a function of α with a probe current of 200
µA and brightness of 70 Anm−2Sr−1 at the CS values of (a) 500 nm and (b) 1 µm (see
Eqs. (1.7), (1.9), (1.10) and (1.11) for more information). A sub-angstrom resolution can be
achieved using a probe convergence semi-angle in the ranges filled in orange in (a) and (b).
Defect-free, flat and uniform regions of interest were selected for high-quality
STEM images. In order to obtain data with a good signal to noise ratio, unaffected
by specimen drift, up to sixty images were collected sequentially, all with a short
time of 10 µs/pixel using Schaffer’s stack builder plugin for Digital Micrograph [122].
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The resulting set of images was aligned using in-house code assuming a rigid-body
shift and normalized cross-correlation and summed to produce high quality, low
noise data.
At small scattering angles, i.e. when the inner angle of the ADF detector is
only a little larger than the probe convergence semi-angle α, coherent diffraction
effects can produce strain contrast that is very sensitive to crystal orientation [83].
This contrast compromises the ability to relate intensities to atomic number [83].
Here, therefore, for images intended to be sensitive to composition I use an ADF
detector inner angle at least 4.6 times the probe convergence semi-angle α, giving a
scattered intensity proportional to a small power of the atomic number, Z1.5 to Z2
[76, 91]. For images that show greater sensitivity to the configurations of oxygen
atoms I use an ADF detector inner angle of only ∼2.4α. Data were normalized to
the incident beam intensity using calibrated brightness/contrast levels, a map of
the ADF detector response and an image of the diffraction pattern falling on the
detector (Fig. 2.4), following an approach similar to that of LeBeau and Stemmer
[123] and Rosenauer et al. [124].
Figure 2.4: (a) An experimental diffraction pattern of electron beam scattered by
Yb2Ti2O7 with a convergence semi-angle of 29 mrad along [1 1 0] zone axis and (b) a
part of the diffraction pattern shown in (a) falling on an ADF detector with inner and outer
radii of 70 and 280 mrad, respectively. The diameter of the solid black circle in the center
of (b) is 140 mrad.
The intensity in the ADF images (Iimg) is normalized according to Eq. (2.1),
Iimg =
Iimg − Ivac
Idet − Ivac (2.1)
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where, Idet and Ivac are the mean intensity found on detector (beam intensity) and
vacuum region in the detector map, respectively [124]. Fig. 2.5(a) shows an example
of the detector output when the beam is scanned over it. As illustrated in Fig. 2.5(b),
there is a linear relationship between the beam intensity and brightness. Thus, it
is possible to extrapolate the beam intensity at a desired brightness at which an
ADF image is acquired. The vacuum intensity can also be calculated by acquiring
an ADF image at vacuum.
Figure 2.5: (a) an image of the ADF detector acquired at contrast and brightness of 1100
and 1800, respectively. (b) the beam intensity as a function of the brightness calculated
from detector maps acquired at different times (DM1, DM2 and DM3).
2.3.2 EDX
EDX measurements were obtained with a windowless Oxford Instruments X-max
100 silicon drift X-ray detector. EDX line scans as well as EDX compositional maps
for the ytterbium titanate samples made using Ti Kα (4.51 keV) and Yb Lα (7.41
keV) X-rays. The parameters used to acquire both the line scan and map data in
this work are listed in Table 2.3. Acquired EDX spectra from the samples contain
characteristic peaks for O, Ti and Yb which are superimposed on a noisy background
(Fig. 2.6) due to statistical variations. On the other hand, they contain overlapped
peaks e.g. O Kα (∼0.53 keV) and Ti Lα (∼0.45 keV) as shown in Fig. 2.6. Thus,
AZtecTEM software [125] was used to process the acquired EDX data (i.e. peak
deconvolution and background subtraction) in order to make the data quantifiable.
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Table 2.3: Parameters used to acquire EDX data.
∗Although large convergence angle is usually not recommended for acquiring atomically-
resolved EDX data, a large convergence angle is used here to obtain a good signal-to-noise
ratio.
Figure 2.6: A typical EDX spectrum obtained from Yb2Ti2O7.
2.3.3 EELS
EELS spectra were obtained with a Gatan Quantum EELS system operating
in dual EELS mode, allowing correction of ZLP offsets and removal of multiple
scattering from high energy CL edges by Fourier-log deconvolution calculated from
the LL spectrum. The obtained data were processed by DigitalMicrograph software
[126].
EELS maps were acquired with pixel exposure times of 0.1 and 10 ms for LL and
CL (or high-loss (HL)) spectrum images, respectively. In addition, the Yb N , Ti
L and O K edges were used to extract elemental maps from the spectrum images
(Fig. 2.7). On the other hand, electron energy loss near-edge structure (ELNES)
spectra for the Ti L2,3 and O K edges as well as LL peaks were obtained using the
total exposure times of 50, 100 and 0.01 s, respectively. The other parameters used
to acquire the EELS data in this work are listed in Table 2.4.
37
Figure 2.7: (a) HAADF and EELS spectrum images acquired from ytterbium titanate
viewed along [1 1 0] (scale bar is 2 A˚). (b) and (c) show the spectra calculated by averaging
the LL and HL spectra presented in the spectrum images. (d) the CL spectrum shown
in (c) after Fourier-log deconvolution and background subtraction calculated from the LL
spectrum displayed in (b).
The log-ratio method is used to calculate the specimen thickness from the LL
spectra according to the formula:
t
Λ
= ln
It
I0
(2.2)
where, t, Λ, It and I0 are the specimen thickness, inelastic mean free path for the
material in the specimen, total area under the whole spectrum and area under ZLP,
respectively [127–129]. The inelastic mean free path for a specimen can be calculated
from Eq. (2.3) [128, 129].
Λ =
106FE0
Em ln(2βE0/Em)
(2.3)
here, E0 is the electron energy expresses in keV, F is a relativistic factor calculated
from Eq. (2.4) and Em is the average energy loss expresses in eV calculated from
Eq. (2.5) [128].
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Table 2.4: Parameters used to acquire EELS data.
F =
1 + E0/1022
(1 + E0/511)2
(2.4)
Em = 7.6
(∑
i fiZ
1.3
i∑
i fiZ
0.3
i
)0.36
(2.5)
where, Zi and fi are the atomic number and atomic fraction of the component i
present in a compound specimen [128].
2.4 ADF image simulations
Image simulation is required for the interpretation of the experimental TEM im-
ages. In the current work, image simulations for a perfect Yb2Ti2O7 crystal (see
Table 2.2) were performed with QSTEM [82] multislice software. However, STEM-
sim [130] multislice program was used to simulate the ADF images from stuffed
ytterbium titanate crystals since a change in the occupancy of atoms in QSTEM is
not straight forward.
The high-angle scattered electrons collected by the ADF detector are predom-
inantly those scattered by phonons (i.e. thermal vibration of the atoms) [131].
Hence, the inelastic phonon excitation, known as thermal diffuse scattering (TDS)
[131], is considered in the performed simulations. The number of TDS configura-
tions, using the Einstein model [132], and other parameters which were used for
image simulations are listed in Table 2.5.
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Table 2.5: Parameters used for the ADF image simulations.
2.5 Image analysis
2.5.1 Atom column intensities
Several schemes for quantitative analysis of ADF images have been proposed.
LeBeau and co-workers [92] have used the maximum pixel intensity in the vicinity
of the centroid of each atom image, while Van Aert and co-workers [99] assume
the intensity of each atom column is a cylindrically-symmetric 2D Gaussian, and
perform a least-squares fit. Neither of these is appropriate for the current case,
where unresolved oxygen atoms lie close to the metal atoms; rather, I use intensities
integrated over a Voronoi cell surrounding the atom column of interest. A Voronoi
cell is an area bounded by the perpendicular bisectors of all vectors that link adjacent
atom columns [85, 93, 133, 134]. The mean integrated intensity in a Voronoi cell is
proportional to the scattering cross section of the atom column, while retaining a
useful degree of insensitivity to exact experimental conditions such as defocus and
spatial incoherence [88]. For the [2 1 1] projection, the Voronoi cell is a simple
rectangle as shown in Figs. 2.1(b) and (c). Nevertheless, the contrast of atom
columns may not be directly interpretable in terms of composition, e.g. due to
static atomic displacements [135, 136] that may be a result of stuffing.
I developed a MATLAB program, Detect Columns, to analyse the ADF images.
A screenshot of the Detect Columns program is displayed in Fig. 2.8. This program
can perform the followings:
• find the position of each atom column using 2D Gaussian fitting,
• calculate the intensity of the atom columns inside the Voronoi cells or FWHM
area,
• classify the atom columns according to their intensities,
• plot the intensity histograms for the atom columns,
• plot radial intensity profiles of the atom columns.
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Using this program, it is possible to find columns with anomalously bright/dark
contrast in comparison to their nearby columns with the same compositions. I will
use this program to analyse the intensity of atom columns in ADF-STEM images
in chapters 3 and 4.
Figure 2.8: A screenshot of the Detect Columns program used to analyse the intensity of
atom column in the ADF images.
2.5.2 Defect analysis
I observed electron irradiation-induced dislocation loops in the Yb1.95Ti2O7−ξ
sample (chapter 4). Although it is possible to calculate the Burgers vector of dis-
locations in HRTEM images using a simple method like Burgers circuit [137], char-
acterization of dislocations – specially partial dislocations – in HRTEM images of
materials with complex structure, like pyrochlore, using such simple methods is not
possible in some cases. However, the core location and size of dislocations (even
partial dislocations) can be obtained experimentally by applying a combination of
geometric phase analysis (GPA), developed by Hy¨tch et al. [138], and disloca-
tion density tensor analysis on the HRTEM images of the defects in materials with
complex structures [139, 140]. Hence, I will use these techniques to characterize
irradiation-induced defects in chapter 4.
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In the GPA technique, the displacement field, u, of lattice fringes in an HRTEM
image is measured with respect to a perfect lattice (unstrained part in the image)
[138]. The displacement field can be measured from the phase shift in the image
with respect to unstrained part in the image as follows:
u(r) = − 1
2pi
g−1Pg(r) (2.6)
where g and Pg(r) are the reciprocal lattice vector and phase of the local Fourier
components (Geometric phase), respectively [138]. Finally, the displacement field in
the real space can be calculated by choosing two reciprocal lattice vectors (g1 and
g2), provided that they are non-colinear, as follows [138]:(
ux
uy
)
= − 1
2pi
(
g1x g1y
g2x g2y
)−1(
Pg1
Pg2
)
(2.7)
The two-dimensional local distortion of the lattice, e, and also strain field, ε, in
an HRTEM image can be calculated from the measured displacement fields map
according to Eqs. (2.8) and (2.9) [138].
e =
(
exx exy
eyx eyy
)
=

∂ux
∂x
∂ux
∂y
∂uy
∂x
∂uy
∂y
 (2.8)
ε =
1
2
(
e+ eT
)
(2.9)
where T denotes the transpose of the matrix.
The (projected) Burgers vector of dislocation, b, in an HRTEM image can be
calculated as the surface (S) integral of the dislocation density tensor, a, around
the dislocation core [139–142]:
b =
∫∫
S
a.dS (2.10)
where,
a =
(
ax
ay
)
=

∂exx
∂y
− ∂exy
∂x
−∂eyy
∂x
+
∂eyx
∂y
 (2.11)
In this work, Peters’s program, Strain++, [143, 144] was used to calculate the
strain distribution in the ADF images containing defects. In addition, I developed
another program, BurgersVectors, to calculate the dislocation density tensor of the
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image, or a sub-region of it, as well as their Burgers vector. A screenshot of the
BurgersVectors program is displayed in Fig. 2.9.
Figure 2.9: A screenshot of the BurgersVectors program; (left) simulated ADF-STEM
image (by QSTEM) of a dislocation loop in Si viewed along [0 0 1¯] and (right) calculated
Burgers vector ([1¯ 0 0]) for the top dislocation.
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Chapter 3
Atomic structure study of the
stoichiometric pyrochlore
Yb2Ti2O7
3.1 Introduction
This chapter describes a study of three Yb2Ti2O7 single crystals prepared by the
floating zone method with quite different low-temperature specific heat characteris-
tics (see Section 2.1.3). The difference in the low-temperature magnetic properties
of these samples is probably due to variations in structure that deviate from the
nominal stoichiometry. Since the three samples all have nominally the same com-
position and were prepared in almost identical ways, the variation is unusual in
comparison with most materials and indicates that the flexibility in the structure
for Yb2Ti2O7 is different to other materials. Hence, ac-STEM is employed to inves-
tigate the samples, in conjunction with atomically-resolved EDX and EELS. While
diffraction studies, such as X-ray and neutron diffraction, measure average structure,
electron microscopy at atomic resolution offers the opportunity to directly observe
defects such as stuffing and atom swapping between cation sites as well as providing
average measurements from regions several nm in size. It is demonstrated that there
are significant differences between the samples that correlate with their magnetic
behaviour. It is shown that oxygen vacancies, along with stuffing of Yb atoms onto
the Ti sites, are responsible for the breakdown of the long-range magnetic ordering
in Yb2Ti2O7 pyrochlore, resulting in a material that exhibits only short-range order
or in which magnetic ordering is absent down to the lowest temperatures measured.
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3.2 Electron diffraction
Fig. 3.1 shows representative [1 1 0] selected area diffraction (SAD) patterns ob-
tained from the single crystal samples as well as simulated SAD pattern for a perfect
Yb2Ti2O7 crystal. The interplanar spacing of {2 2 0}, {0 0 2} and {1 1 1} planes
calculated from the SAD patterns are listed in Table 3.1. According to the electron
diffraction data presented in Fig. 3.1 and Table 3.1, there is no detectable difference
in the structure of the samples. As it is mentioned before, since diffraction stud-
ies measure average structure, I am using STEM at atomic resolution to study the
structure of the samples locally.
Figure 3.1: Representative [1 1 0] SAD patterns obtained from (a) sample 1 (scale bar is 2
1/nm), (b) sample 2 and (c) sample 3. (d) Simulated SAD pattern for a perfect Yb2Ti2O7
crystal.
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Table 3.1: The interplanar spacing of {2 2 0}, {0 0 2} and {1 1 1} planes calculated from
the SAD patterns shown in Fig. 3.1(a-c).
3.3 STEM imaging
When the Yb2Ti2O7 crystal viewed along [2 1 1], one set of {1 1 1} planes is
seen edge-on. In this projection, as discussed in Section 1.1.1, there are four types
of heavy atom column; those containing only Yb, those containing only Ti, and
two different mixed columns (M1 and M2) containing 50% Ti and 50% Yb. Our
interest lies in the purity of the Yb and Ti sub-lattices – and the effect on adjacent
oxygen atoms – that may result from the presence of an Yb atom on a Ti site, or vice
versa. Thus a simple model in which an atom column, which is nominally comprised
completely of atoms of type X in perfect material, has some atoms replaced by others
of type Y has been considered. Now, moving atoms between different cation sub-
lattices must involve changes in oxidation state and/or anion populations in order
to maintain charge balance; rearrangements of oxygen atoms or oxygen vacancies
may be necessary. We will return to these points later, but begin by assuming
that there is no correlation between the different substitution sites, i.e. that there
is no clustering or repulsion between substituted sites and there are no vacancies,
interstitials or impurity atoms. In such a simple case, with a probability pXY for an
atom of type X to be replaced by one of type Y, the probability of finding a column
of n atoms which contains m type Y atoms is given by the binomial distribution,
i.e.
P
(
n
m
)
=
n!
m!(n−m)! (1− pXY )
n−mpmXY (3.1)
Thus, even stuffing of a few percent should be detectable in compositional analysis
sensitive to single atoms at the atomic scale (Fig. 3.2). For the [2 1 1] zone axis and
a moderate specimen thickness of 45 nm, replacement of 1% gives more than 50%
of atom columns that contain at least one foreign atom (yellow curve). Even if only
0.4% of atoms are replaced by a different type, more than 20% of atom columns
will have one foreign atom (red curve). Conversely, unaffected columns only form a
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small fraction of the image if significant amounts of stuffing occur; only 10% have no
foreign atom at a stuffing of 3% (violet curve). Importantly, at stuffing fractions of
a few percent, adjacent columns with widely differing substitutions should be quite
common.
Figure 3.2: The fraction of columns with 73 atoms that have between zero and five foreign
atoms predicted by (Eq. (3.1)), for different amounts of average atom swapping (0.4% to
3%). This is equivalent to a [2 1 1] Yb2Ti2O7 specimen with thickness 45 nm.
ac-STEM images contain quantifiable composition information [83, 84] due to the
atomic number sensitivity of high-angle (Rutherford) electron scattering [85–88].
Thus, it may be expected that analysis of image intensities may provide data that
is sensitive to the composition of the Yb and Ti sub-lattices.
3.3.1 Annular dark-field STEM imaging
Representative [2 1 1] ADF-STEM images from the three single crystal samples
are shown in Fig. 3.3(a-c), taken with an ADF detector inner angle of 2.4α. Voronoi
intensity measurements for the three samples are shown in Figs. 3.3(d-i). The four
sub-lattices in the ADF images, Figs. 3.3(a-c), are readily distinguished in the false
colour images Figs. 3.3(d-f) and the intensity histograms Figs. 3.3(g-i). As is clearly
illustrated in the histograms, the total number of electrons scattered from the M1
columns are more than those scattered by the M2 columns in all samples (see also
Figs. 3.4, 3.5 and 3.6). The higher mean intensity of M1 in comparison with M2
is caused by the presence of four oxygen columns in the Voronoi cell of every M1
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column in comparison with two for M2 (Fig. 2.1). Thus, even though oxygen atoms
cannot be resolved in these ADF-STEM images it is clear that their effect can be
seen in quantitative intensity measurements.
Figure 3.3: ADF-STEM images taken with an ADF detector inner angle of 2.4α, (a)
sample 1, (b) sample 2 and (c) sample 3, viewed along [2 1 1] (scale bar is 1 nm). (d),
(e) and (f) show extracted mean integrated intensities from (a), (b) and (c) using Voronoi
cells centred on each atom column, plotted as histograms in (g), (h) and (i), respectively.
Normalizing the intensities from each sub-lattice separately in (g), (h) and (i) shows the
intensity variations across the images (j), (k) and (l), respectively.
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Figure 3.4: (a) to (h) ADF-STEM images taken with an ADF detector inner angle of 2.4α
from different regions of sample 1. Extracted mean integrated intensities from (a) to (h)
using Voronoi cells centred on each atom column are normalized and plotted as histograms
in (i).
One might hope that the range of intensities in the histograms for each type
of atom might be governed in some way by Eq. (3.1). However, if the four sub-
lattice intensities are each normalized separately to a range between zero and one
(Figs. 3.3(j-l)) it becomes apparent that there is a systematic variation across the
ADF images, presumably due to a small variation in specimen thickness. The width
of the intensity histograms in Figs. 3.3(g-i) is thus mainly caused by this thick-
ness variation rather than atomic substitutions. These thickness variations and/or
damage/contamination of the specimen surface are sufficient to mask statistical mea-
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Figure 3.5: (a) to (h) ADF-STEM images taken with an ADF detector inner angle of 2.4α
from different regions of sample 2. Extracted mean integrated intensities from (a) to (h)
using Voronoi cells centred on each atom column are normalized and plotted as histograms
in (i).
surements of stuffing, or anti-stuffing, from the ADF intensities of atom columns, i.e.
changes in the number of atoms per column n (Eq. (3.1)) easily produce differences
that are equal to or larger than the effect of a few atomic substitutions.
The difference in M1 and M2 column intensities indicates a sensitivity of ADF
data to nearby oxygen atoms. I therefore investigated mean radial intensity as a
function of distance from the centre of the visible atom columns (Fig. 3.7), averaged
over all equivalent columns in the images of Figs. 3.3(a-c). These mean radial
intensity profiles are shown in Figs. 3.8(a-c), where the centre of the atom column is
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Figure 3.6: (a) to (h) ADF-STEM images taken with an ADF detector inner angle of 2.4α
from different regions of sample 3. Extracted mean integrated intensities from (a) to (h)
using Voronoi cells centred on each atom column are normalized and plotted as histograms
in (i).
at the origin and the mean radial intensity decays following a quasi-Gaussian profile.
In sample 1, the M2 columns have a higher peak intensity (Fig. 3.8(a)), consistent
with oxygen atom columns close to their centres (49 pm in the nominal structure).
The radial intensity of the M1 columns decays more slowly, consistent with more
oxygen atom columns at larger distances (72 pm in the nominal structure). The
intensity of M1 columns exceeds that of M2 columns at a radius of ∼65 pm. To
provide a clear understanding, Fig. 3.9 illustrate this trend for only a pair of M1 and
M2 atom columns in the ADF image of sample 1. The same trend is observed in
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ADF images obtained from other areas of sample 1 at different sample thicknesses
(Fig. 3.8(d)) as well as multislice simulations of the nominal Yb2Ti2O7 structure
(Fig. 3.10(b)), with the intensity at M2 columns becoming smaller than that of M1
columns at a certain radius depending the sample thickness.
Figure 3.7: Circles with different radii (yellow, 0.013 nm; green, 0.026 nm; cyan, 0.039
nm; red, 0.052 nm) from the center of an atom column. The radial intensity corresponds to
each radious is measured as the mean intensity of all pixels inside each circle.
In contrast, the radial intensity of the M2 columns never exceeds that of M1
columns for samples 2 and 3 (Figs. 3.8(b), (c), (e) and (f)). This effect could be
caused by fewer oxygen atoms in the Wyckoff f -site or their movement away from
M2 columns, which would reduce the M2 intensity at small radii, and/or movements
of f -site and b-site oxygen atoms closer to M1 columns, which would increase their
intensity at small radii.
3.3.2 Z contrast imaging
Although a statistical analysis of atom column composition is not possible due to
the variations in intensity over several nm (Fig. 3.3), individual atom columns that
have anomalous bright or dark contrast in comparison with their immediate neigh-
bours (with the same nominal composition) may still be detected in compositionally-
sensitive STEM images. Thus, the Z contrast (HAADF) imaging technique can be
used to investigate whether the samples exhibit stuffing or not. Hence, HAADF data
were collected with an ADF detector inner angle at least 4.6 times α. Considering
that in the Yb2Ti2O7 crystal all Yb as well as Ti atoms are crystallographically
equivalent and Yb atoms (Z2 = 4900) have higher contribution to the image con-
trast in comparison with Ti atoms (Z2 = 484), the intensity changes of Yb and Ti
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Figure 3.8: (a), (b) and (c) show mean radial intensity profiles for the ADF-STEM im-
ages illustrated in Fig. 3.3(a) (sample 1), Fig. 3.3(b) (sample 2) and Fig. 3.3(c) (sample
3), respectively. (d), (e) and (f) show mean radial intensity profiles of the M1 amd M2
columns for ADF images obtained from sample 1, sample 2 and sample 3 at different sample
thicknesses (t1 to t9), respectively.
columns is examined to find whether any Yb (Ti) atom occupied Ti (Yb) site in the
samples or not.
In the ADF images obtained from both sample 2 and sample 3, a significant
drop was observed in the peak intensity of some Yb columns in comparison to that
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Figure 3.9: (a) [2 1 1] projection of oxygen atoms (blue) around the M1 and M2 columns
(magenta) in the nominal Yb2Ti2O7 structure. The M2 column has two oxygens 49 pm
away in this projection, while M1 has four, at 72 pm and 95 pm. Dotted green lines at ∼72
pm on these models and the ADF-STEM images below match those in (b), a plot of intensity
of these columns. The peak intensity is higher for M2 while M1 has higher intensity tails.
Figure 3.10: (a) The ADF-STEM simulated images of M columns for a perfect Yb2Ti2O7
crystal at different thicknesses (scale bar is 1 A˚) and (b) mean radial intensity profiles of
the M columns shown in (a).
of their immediate neighbours with the same nominal composition (Fig. 3.11). It
might be suggested that all of the Yb sites in the Yb columns showing relatively
low peak intensity are not occupied by Yb atoms meaning a fraction of Yb sites is
either occupied by light atoms (e.g. Ti) or not occupied at all (Yb vacancies). On
the other hand, the Voronoi intensity results (drop down lines in Fig. 3.11) indicate
there is no large difference in the composition of those anomalously dark Yb columns
and their neighbouring Yb columns. Thus, another possibility is that there is no
compositional difference among the Yb columns in these samples but a number of
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atoms in those dark Yb columns are displaced from their nominal positions (i.e.
static atomic displacements or atomic-level strain).
Figure 3.11: [2 1 1] ADF-STEM images, taken with an ADF detector inner angle of 4.6α,
from Yb columns exhibiting anomalously weak intensity and their corresponding intensity
profiles for (a) sample 2 and (b) sample 3. The calculated Voronoi intensity for each atom
column is displayed by a blue drop down line.
In order to examine the above mentioned proposals and, therefore, find the origin
of such changes in the peak intensity of Yb columns, ADF-STEM image simulations
of Yb columns having the nominal crystallographic parameters, stuffed Ti atom(s)
and atomic-level strain were performed at different thicknesses (Fig. 3.12). As illus-
trated in the intensity profiles of the simulated ADF images, Fig. 3.12, introduction
of either the stuffed Ti atoms or atomic-level strain to a perfect Yb column con-
siderably decreases the column peak intensity. However, these imperfections do not
considerably affect the column’s Voronoi intensity especially when the sample is
relatively thick. Although these experimental and simulation data failed to show
whether any Yb site is occupied by a Ti atom in sample 2 as well as sample 3, they
reviled the fact that the Yb sub-lattice is imperfect in both samples.
In the ADF images obtained from sample 3, apart from anomalously dark Yb
columns, anomalously bright Ti columns were observed. As is clearly seen in
Fig. 3.13(a), in comparison to adjacent Ti columns, not only does the Ti column
marked with an asterisk exhibit higher peak intensity but also it shows significantly
higher Voronoi intensity. Furthermore, as displayed in Fig. 3.13(b), this Ti column
demonstrates anomalously dark contrast in the BF image, acquired simultaneously
with the ADF image shown in Fig. 3.13(a). These results, together with the ADF
image simulation results, indicate that the substitution of Yb atoms on Ti sites lead
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Figure 3.12: Simulated [2 1 1] ADF-STEM images (scale bar is 1 A˚) and their correspond-
ing intensity profiles from a perfect Yb column, a Yb column containing 6% Ti atoms and
a Yb column in which 20% of its atoms are displaced by 0.242 A˚ along [1 1 1] direction at
thicknesses of (a) 10 nm and (b) 20 nm. The Voronoi intensity corresponding to each atom
column is displayed by a drop down line in the intensity plots.
to a significant increment in both the peak and Voronoi intensities of Ti columns
(Fig. 3.14), are consistent with this proposal that a fraction of Ti sites has been
occupied by heavy atoms (e.g. Yb) in sample 3. However, analytical techniques
such as EDX and EELS are required to prove whether those stuffed atoms are Yb
or not.
3.4 EDX
Sample 3 is the most likely of the three samples to exhibit stuffing according to
its low-temperature magnetic properties (see Section 2.1.3). Atom columns with
anomalous contrast in comparison with their neighbours in ADF images were ob-
served, as shown in Figs. 3.11 and 3.13. Anomalously bright Ti columns, consistent
with stuffing of Yb onto Ti sites were observed as well as anomalously dark Yb
columns, consistent with anti-stuffing of Ti onto Yb sites or atomic level strain,
were examined with atomic resolution EDX. Fig. 3.15(a) shows an EDX line scan
across an anomalously bright Ti column, made using Ti Kα (4.51 keV) and Yb Lα
(7.41 keV) X-rays. There is an obvious drop in Ti signal, and an increase in the
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Figure 3.13: (a) Anomalously bright intensity from a Ti column marked with an asterisk
in the [2 1 1] ADF-STEM image, taken with an ADF detector inner angle of 4.6α from
sample 3. The calculated Voronoi intensity for each atom column in the ADF image is
displayed in the intensity profile by a blue drop down line and (b) the BF image, acquired
simultaneously with the ADF image shown in (a), and its corresponding intensity profile.
Figure 3.14: The simulated [2 1 1] ADF-STEM images (scale bar is 1 A˚) and their
corresponding intensity profiles from a perfect Ti column and a Ti column containing 6%
Yb atoms at thicknesses of (a) 10 nm and (b) 20 nm. The Voronoi intensity corresponding
to each atom column is displayed by a drop down line in the intensity plots.
Yb signal, for the brighter column in comparison with the others, particularly those
to the left. The correlation between bright atom column contrast and a lower Ti /
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higher Yb signal was observed several times and is direct evidence for stuffing in this
sample (see also the atomic scale EDX map from sample 3 displayed in Fig. 3.16).
Fig. 3.15(b) shows a line of Yb-M2 columns, in which a small Ti signal can be
seen at each Yb column as well as the expected signal at the M2 columns. While
this may indicate anti-stuffing of Ti onto Yb sites, it is also possible that a small
amount of specimen drift (0.2 nm) during acquisition introduced some signal from
the adjacent Ti-M1 row of atoms.
Figure 3.15: EDX analysis of sample 3. (a) Atomic scale EDX analysis along a line of
Ti and M2 atom columns, showing a decrease in Ti signal and increase in Yb signal at an
anomalously bright Ti atom column. (b) Atomic scale EDX analysis along a line of Yb and
M1 atom columns.
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Figure 3.16: Atomic scale EDX maps from (a) sample 3 and (b) sample 2; Yb and Ti are
shown in green and red, respectively. Those Ti columns marked by circles in (a) show Yb
signals as well as a decrease in Ti signal which can be as a result of Yb atom(s) on the Ti
site(s) in sample 3.
3.5 EELS
Analysis of Yb2Ti2O7 at atomic resolution using EELS is possible using the Ti-
L3,2 edge at ∼450 eV and the Yb-N4,5 edge at 185 eV, although spatial resolution is
limited for the latter due to delocalization effects [115], limiting the analysis to the
[1 1 0] zone axis. Nevertheless, ELNES spectra can be used to obtain information
on Ti bonding configurations [145–147]. Metallic Ti shows two white lines L3 and
L2 at 456 eV and 462 eV, due to electron transitions from 2p3/2 and 2p1/2 subshells
to unoccupied 3d states respectively. In titanium oxides, the number of peaks in the
Ti-L3,2 ELNES spectrum depends on valence state, coordination and site symmetry
of the Ti atoms [146]. In materials with a Ti oxidation state of +4, like Yb2Ti2O7,
titanium core-holes created by excitation of 2p core electrons can be poorly screened
since there is no electron in the Ti4+ conduction band. Consequently, both L3 and
L2 edges are shifted to higher energy losses than for metallic Ti [146]. Octahedral
coordination of Ti atoms with oxygen splits the degenerate unoccupied 3d states
into a lower energy 2t2g molecular energy level and a higher 3eg level [148]. Hence,
in Yb2Ti2O7 the Ti L3 and L2 edges both consist of two white lines, α and β for
L3 and γ and δ for L2. In fact, for each edge the first (α, γ) and second (β, δ) peak
are due to transitions from the 2p state to the 2t2g (pi
∗) and 3eg (σ∗) oxide levels,
respectively.
A decrease in Ti valence, for example due to oxygen vacancies, has two effects on
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Ti-L3,2 ELNES: a) a systematic shift to lower energies of ∼2 eV per valence state
[146]; and b) the intensity ratios Iβ/Iα, Iδ/Iγ and Iβ/Iδ all trend to larger values
[145, 146]. These changes are very sensitive indicators of change in Ti valence.
The experimental Ti-L3,2 spectra from the three samples are shown in Fig. 3.17(a).
Peak energies, extracted by fitting the data to four Lorentzian curves (Fig. 3.17(b)),
as well as intensity ratios are listed in Table 3.2.
Figure 3.17: (a) Experimental EELS Ti-L3,2 spectra of the three samples (t/Λ = 0.30). (b)
Lorentzian curves fitted to the experimental EELS spectra shown in (a). (c) Experimental
EELS O-K spectra of the three samples (t/Λ = 0.30).
A systematic shift in the Ti-L3,2 edge to lower energies as well as an increase in
the intensity ratios Iβ/Iα, Iδ/Iγ and Iβ/Iδ from sample 1 to 3 are observed (see also
Fig. 3.18). However, as illustrated in Fig. 3.17(c), there is no detectable difference
in the O-K spectra obtained from the samples. All of these indicators show that
the Ti valence drops from sample 1 to sample 2 and still further for sample 3.
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Table 3.2: Ti ELNES energies and intensity ratios for the three Yb2Ti2O7 samples (t/Λ
= 0.30).
Figure 3.18: Experimental EELS Ti-L3,2 spectra of the three samples acquired at different
sample thickness; (a) t/Λ = 0.31, (b) t/Λ = 0.37, (c) t/Λ = 0.42 and (d) t/Λ = 0.58.
3.6 Discussion
The above results are in agreement with the previous studies of Yb2Ti2O7 that
found evidence for Yb stuffing onto Ti sites even in nominally stoichiometric ma-
terial, and that more stuffing correlates with more diffuse peaks in specific heat
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capacity. Ross et al. [38] discounted oxygen vacancies as the structural origin of the
varying magnetic behaviour of Yb2Ti2O7, based on the lack of change in materials
subjected to long anneals in an oxygen-rich environment. However, here we find
changes in Ti valence that indicate an increasing oxygen vacancy content as stuffing
and/or cation site swapping increases from sample 1 to 3, and this correlates with
the changes in magnetic behaviour. These apparently contradictory findings can
be reconciled by noting that, on average, replacing two Ti4+ atoms by Yb3+ will
be balanced by one O2− vacancy if the Yb sub-lattice remains unchanged. Stuff-
ing therefore may change the equilibrium oxygen stoichiometry in Yb2Ti2O7, which
is quite different to a non-equilibrium oxygen deficiency that can be remedied by
annealing.
The EELS data (Figs. 3.17 and 3.18) thus show a correlation between magnetic
properties and oxidation state. In order to link this to the differences in intensity
profiles we observe in ADF-STEM data (Fig. 3.8), and the effects of stuffing, it
is necessary to consider the position of the oxygen atoms in the crystal structure.
One way to do this is to divide the crystal into regular tetrahedral and octahedral
volumes (Fig. 3.19). Each cation sits at the vertex of six edge-sharing tetrahedra
and six corner-sharing octahedra. These are shown for an Yb atom in Figs. 3.19(a)
and (b); the octahedra are empty, while each tetrahedron contains an oxygen atom.
There are two types of tetrahedron around an Yb atom, shown in coloured shading
in Fig. 3.19(b); two tetrahedra are comprised of four Yb3+ ions, 4Y b, with a Wyckoff
b-site O2− atom at their centres (green), while the remaining six (purple) have two
Yb and two Ti atoms, 2Ti2Y b, and a Wyckoff f -site O2− atom, displaced well
off-centre, close to the mid-point of the edge connecting the Ti atoms. A similar
structure surrounds the Ti atoms, except in this case there are six 2Ti2Y b tetrahedra
and two 4Ti tetrahedra, comprised of four Ti4+ ions with no oxygen atom inside.
Stuffing will change all eight tetrahedra that surround the affected site. A possible
structure that results from replacing a Ti4+ atom with Yb3+ is shown in Fig. 3.19(d).
The six 2Ti2Y b tetrahedra become 1Ti3Y b tetrahedra (purple) and the two 4Ti
tetrahedra change to 3Ti1Y b. No other ytterbium titanates have been documented
that could be used as a guide to the structural changes that will result, but we note
that Ti-O bond lengths are much shorter than Yb-O bond lengths (∼1.95 A˚ vs. ∼2.3
A˚) and Ti-O-Ti bond angles tend to be approximately 130°. Thus, oxygen atoms in
the 1Ti3Y b tetrahedra will be displaced away from the stuffed atom towards the Ti
atoms at the outer vertices of the orange tetrahedra in Fig. 3.19(d). Nevertheless,
these changes still do not satisfy the normal oxygen bonding configurations with
Ti4+ or Yb3+. It therefore seems likely – and is indeed indicated by our EELS
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Figure 3.19: Cation tetrahedra in Yb2Ti2O7. (a) Ball and stick model showing the eight
cation tetrahedra that have a common vertex at an Yb atom. (b) The same tetrahedra,
colour-coded as 2Ti2Y b (purple) and 4Y b (green). (c) Ball and stick model showing the
eight cation tetrahedra that have a common vertex at a Ti atom. (d) The effect of stuffing
an Yb3+ atom onto the Ti4+ site. The six 2Ti2Y b tetrahedra (purple) become 1Ti3Y b and
the two 4Ti (orange) become 3Ti1Y b. Stuffing produces an oxygen vacancy in one of the
surrounding 1Ti3Y b tetrahedra (highlighted in red) and the conversion of an adjacent Ti
atom from 4+ to 3+. The network of magnetic 4Y b tetrahedra are also shown, with six
numbered 4Y b tetrahedra surrounding the stuffed atom site. (e) The Yb tetrahedra shown
in (d) without any stuffing and possible all-in-all-out [47] (the left Yb tetrahedra) and two-
in-two-out [47] (the right Yb tetrahedra) splayed ferromagnetic configurations (black arrows
are along [1 0 0]). (f) Position of the oxygen atoms in the vicinity of the Ti atom (marked by
a yellow star) before stuffing. (g) Frustrated triangular lattice of magnetic cations formed
by replacing a Ti atom with Yb. (h) Formation an oxygen vacancy and reduction of a Ti4+
cation to Ti3+ as a consequence of stuffing.
results – that replacement of Ti4+ by Yb3+ will result in one of the adjacent Ti
atoms reducing to Ti3+ with an accompanying vacancy in that 1Ti3Y b tetrahedron
(highlighted red in Figs. 3.19(d) and (h)). Still further changes in structure are
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possible such as static distortions of the cation framework, with the tetrahedron
containing the oxygen vacancy expanding due to Coulomb repulsion. There are
likely to be significant effects on the magnetic 4Y b tetrahedra that surround the
stuffed atom; there are six nearby 4Y b tetrahedra, numbered in Fig. 3.19(d). We
note that a study of oxygen deficient Y2Ti2O7 [37] found that 4Y tetrahedra were
much more likely to lose their oxygen atom and it is thus possible that the oxygen
vacancy in the red tetrahedron moves into the adjacent 4Y b tetrahedron #2. In any
case, tetrahedron #2 is most affected. It is clear from Figs. 3.19(e) and (g) that
the replacement of a nonmagnetic Ti4+ cation by a magnetic Yb3+ can modify the
nature of the magnetic exchange with the system through formation of the frustrated
triangular lattice of magnetic cations. Furthermore, the introduction of a magnetic
moment on the Ti site as a consequence of reduction of Ti4+ to magnetic Ti3+ as
well as stuffing the Yb atom onto the Ti site will disrupt the magnetic order locally
and may serve as pinning sites for magnetic defects (e.g. monopoles in spin ice)
within the material [37].
The differences between the three samples examined here can be interpreted in
terms of such structural rearrangements. As shown in Fig. 3.20, the [2 1 1] atom
columns can be also pictured as chains of tetrahedra. For both the Yb and Ti
atom columns the chain consists only of 2Ti2Y b tetrahedra, whereas M1 is made
of alternating pairs of 2Ti2Y b and 4Y b tetrahedra and M2 is made of alternating
pairs of 2Ti2Y b and 4Ti tetrahedra. There are 10 cations in the repeat motif in
all cases, and each atom column type has a different Yb:Ti ratio in its tetrahedral
chain.
In a stuffed material, the oxygen atom inside a tetrahedron will be affected by all
four atoms at its vertices, which means that the oxygen atoms close to any given
[2 1 1] atom column depend upon the chains of tetrahedra shown in Fig. 3.20, not
just the atoms in the column. The oxygen atoms are therefore very sensitive to
stuffing. Furthermore, the difference in Yb:Ti ratio for each chain means that each
has a different sensitivity. Thus, using the same binomial statistics (Eq. 3.1) for a
45 nm thick TEM specimen, and e.g. 1% stuffing and no anti-stuffing, we find that
only 30% of M columns and 50% of Ti columns are directly affected by stuffing
(obviously, no Yb columns are affected). However, the nearby oxygen atoms are
affected in around 67% of M1 columns, 77% of Ti columns, 89% of Yb columns and
92% of M2 columns. That is, the radial profiles of Yb and M2 columns should be
more affected by stuffing than the Ti and M1 columns and this does indeed appear
to be the case in Fig. 3.8. Furthermore, the structural rearrangements illustrated
in Fig. 3.19 will tend to move oxygen atoms away from M1 columns more readily
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Figure 3.20: The four types of [2 1 1] atom columns in Yb2Ti2O7, shown as a chain of
cation tetrahedra. The black arrow indicates the direction of propagation of the electron
beam. Partial transparency highlights the repeat motif of 10 cations; the number of Ti
(dark blue) and Yb (light blue) atoms in the motif is given at the bottom of each panel.
The [2 1 1] projection of each column is inset bottom right. Colour scheme is the same as
Fig. 2.1.
than M2 columns, producing the changes in radial profile shown in Fig. 3.8.
Taken together, the modifications to the delicate balance of magnetic interactions,
which result from the stuffing and changes in Ti valence that we have observed, will
lead to a breakdown in the onset of long-range ferromagnetic order. These results
are consistent with the magnetic properties of sample 3 (Fig. 2.2(a)) showing no
clear transition in the specific heat down to 50 mK.
3.7 Summary
I have examined three samples of Yb2Ti2O7, with different low-temperature spe-
cific heat capacity anomalies that indicate varying magnetic properties, using ac-
STEM. I found direct evidence for stuffing of Yb onto Ti sites, using atomic reso-
lution EDX of Ti atom columns that have anomalously bright contrast, in sample
3. I also observed Yb atom columns that have anomalously dark contrast, but were
unable to use the well-known compositional sensitivity of ADF-STEM to extract
the statistics of stuffing (or anti-stuffing) due to the confounding effects specimen
thickness variations and/or surface damage. Nevertheless, we clearly observe the
influence of oxygen atoms on these images, and by examining the radial intensity
profile of cation columns we observe rather different behaviour of oxygen atoms near
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to the cation columns for the three samples. The sensitivity of the different types of
atom column in the [2 1 1] ADF-STEM images is explained by considering them as
chains of tetrahedra with different Ti:Yb ratios. The changes are consistent with the
rearrangement of oxygen atoms away from Yb that occupies Ti sites. Using Ti-L3,2
ELNES, we find that these differences in ADF-STEM radial intensity profile are
accompanied by changes in Ti valence number, indicating the presence of magnetic
Ti3+ and oxygen vacancies. Samples that have more diffuse specific heat capacity
anomalies have more stuffing, lower Ti valence numbers and more disordered oxygen
sub-lattices.
I showed that variation in the low-temperature magnetic properties of Yb2Ti2O7
is due to the flexibility in the structure of this material. In the next chapter I will
show how the structure of ytterbium titanate tolerate a deviation from the nominal
stoichiometry.
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Chapter 4
Defects in non-stoichiometric
ytterbium titanates
4.1 Introduction
Both theoretical [16] and experimental (by X-ray diffraction and neutron scatter-
ing) [38, 58] studies of the structure of non-stoichiometric pyrochlores have found
that an excess of A cations produces oxygen vacancies as well as substitution of
B cations by A cations while an excess of B cations causes the formation of A
vacancies. Thus, the general formula of non-stoichiometric pyrochlore oxides for
A or B excess may be written as A2(B2−2x, A2x)O7−x or A2−2xB2O7, where x is
the fractional excess of the cations, respectively. Here this proposal is examined
by characterization of the atomic structure of two non-stoichiometric ytterbium ti-
tanate samples, one with 2.5% Yb excess and another with 2.5% Ti excess, using
ac-STEM. The terms Yb2.05Ti2O7+ξ and Yb1.95Ti2O7−ξ, where 0 ≤ ξ ≤ 0.075 are
used for the former and latter in this work, respectively.
4.2 Yb1.95Ti2O7−ξ
Fig. 4.1 shows TEM images acquired from two different particles (P1 and P2)
of Yb1.95Ti2O7−ξ sample before and after electron irradiation. The defect clusters
shown in Fig. 4.1(b-d) are induced by 200 keV electron irradiation with a current
density of ∼500 pAcm−2 at room temperature inside the microscope immaculately
after beam concentration on the sample. Such defects were not formed by electron
irradiation in either Yb2.05Ti2O7+ξ powder or Yb2Ti2O7 single crystals.
As seen in ADF- and BF-STEM images of the induced defect clusters (Fig. 4.2),
67
Figure 4.1: TEM images acquired from two particles (P1 and P2) of Yb1.95Ti2O7−ξ before,
(a) and (c), as well as after, (b) and (d), electron irradiation with 200 keV electrons (scale
bars are 200 nm).
although almost all the irradiation-induced defects in the Yb1.95Ti2O7−ξ sample
have {1 1 1} habit planes – except from very few cases with {1 1 0} habit planes –,
they are not all of the same type; a few have strain fields while the majority induce
no (measurable) strain to the crystal. The defects appear as thin dark lines along
< 1 1 1 > directions in ADF-STEM images, typically several tens of nm in length.
A slightly bright surrounding region, several tens of nm in size, is also visible in the
lower magnification ADF-STEM image (see inset in Fig. 4.2(a)).
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Figure 4.2: (a) ADF-, (b) BF-STEM images, viewed along [1 1 0], and (c) BF-STEM
image, viewed along [3 2 1], of the planar defects in Yb1.95Ti2O7−ξ irradiated with 200 keV
electrons (scale bar is 100 nm). (d) One of the defects in {1 1 1} planes at high magnification
(scale bar is 5 nm).
4.2.1 Defects with no measurable strain
I observed that most of the defects with {1 1 1} habit planes (see also Fig. 4.3) are
formed by a few tiny areas with dark contrast in ADF-STEM images as shown by
the arrows in Fig. 4.2(d). These areas have sphere/disc shapes since they appears
as lines in [3 2 1] (Fig. 4.2(c)) direction. Since contrast in ADF images is primarily
proportional to mass-thickness, this indicates material that is either of much lower
density, or is thinner, than the matrix. A faint “halo” of brighter material is visible
around the defects, which may indicate denser material or changes in the secondary
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contrast mechanism of electron channelling (static atomic displacements have been
shown to result in increased ADF signal, e.g. [149]). However, no strain can be
measured either along these defects or at their ends. These sphere/disc shaped areas
could be vacancy clusters formed by an accumulation of migrant vacancies since
the energy for vacancy (cation) diffusion drops during electron irradiation. This
reduction in the diffusion energy results from a local increase in the temperature
of the sample, since the heat generated by the electron irradiation is not easily
conducted away, due to the poor thermal conductivity of the material which is
∼3 WK−1m−1 at room temperature [150] (thermal conductivity of copper at room
temperature is 401 WK−1m−1 [151]). In some cases, the adjacent clusters grow and
then form a disc shaped defect with a diameter of ∼50 nm. It can be confirmed that
these defects have a disc shape with < 1 1 1 > normal vectors since they appear as
lines in both the [1 1 0] (Fig. 4.2(b)) and [3 2 1] (Fig. 4.2(c)) directions.
Figure 4.3: (a) ADF-STEM images, viewed along [1 1 0], of several planar defects exhibit-
ing no measurable strain in Yb1.95Ti2O7−ξ irradiated with 200 keV electrons (scale bars are
5 nm).
Fig. 4.4(a) shows an ADF image, taken with an ADF detector inner angle of
4.6α, from one of the defects with {1 1 0} habit planes. This defect is about eight
{0 1 1} atomic planes (planes between yellow dashed lines in Fig. 4.4(a)) thick,
which is ∼1.5 nm. In Fig. 4.4(b), histograms of the mean integrated intensities from
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Voronoi cells centred on each atom column in Fig. 4.4(a), reveal that all of the Ti,
Yb and M atom columns outside the defect area are 6 to 7% more intense than
the columns with the same nominal cation compositions (Ti∗, Yb∗ and M∗) in the
defect. Similarly, as shown in Fig. 4.5, all of the atom columns inside the defect
area are less intense than the columns with the same nominal cation compositions
outside the defect with {1 1 1} habit planes. That means there are a number of
vacancies at both the Ti and Yb sites inside these defects.
Figure 4.4: (a) ADF-STEM image taken with an ADF detector inner angle of ∼4.6α from
the defects with {0 1 1} habit planes viewed along [4 1 1] (scale bar is 2 nm), (b) histogram of
the extracted mean integrated intensities from the ADF image shown in (a), using Voronoi
cells centred on each atom column, (c) columns with intensities of the bottom 1, 3, 6 and
15 percent for each atom column are shown with solid circles, Ti in blue, Yb in pink and M
in green and (d) anomalously bright Ti columns present in the areas marked by red squares
in (a).
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Figure 4.5: (a) ADF-STEM image taken with an ADF detector inner angle of ∼4.6α from
the defects with {1 1 1} habit planes viewed along [1 1 0] (scale bar is 2 nm), (b) histogram of
the extracted mean integrated intensities from the ADF image shown in (a), using Voronoi
cells centred on each atom column.
In addition, there is a systematic variation in the intensity of the atom columns
in the defect area shown in Fig. 4.4(a). For instance, the position of the columns
with intensities of the bottom 1, 3, 6 and 15 percent for each atom column, shown
in Fig. 4.4(c), reveal the fact that the defect originates from a couple of adjacent
vacancy clusters and then they grow and joined together. Furthermore, EDX data
presented in Fig. 4.6 show that both Ti and Yb signals have lower intensities in the
defect area. In fact, since the relative intensities of the Yb and Ti atom columns
are unchanged in both the ADF and EDX data, there has not been a transition
to a disordered “defect fluorite” structure. This indicates that the defect is simply
thinner material, i.e. a void, or a trench on the specimen surface. Interestingly, the
material surrounding the defect shows clear evidence of site swapping between the
cation sub-lattices as shown in Fig. 4.4(d). Occasional Ti sites have significantly
brighter contrast than their neighbors, indicating the “stuffing” of Yb on Ti sites.
However, the opposite type of site swapping, i.e. Ti on Yb site, is not observed. This
does not preclude the existence of “anti-stuffing”, because the fractional change in
ADF contrast of a faint Ti column due to the addition of a heavy Yb atom is much
larger than that for an intense Yb column due to the addition of a light Ti atom.
The presence of Yb atoms on the Ti sites is consistent with the inward diffusion
of vacancies to the defect area and consequently outward diffusion of the cations
such as Yb from the area. Stanek et al. [16] found that a BO2 excess in A2B2O7
pyrochlores is expected to produce A3+ vacancies since they have lower energy than
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interstitial B. Hence, the source of the migrated vacancies in the Yb1.95Ti2O7−ξ
sample are Yb vacancies.
Figure 4.6: (a) ADF-STEM image taken from a defect with (1 1 1) habit plane. (b) The
EDX line scan across the defect shown in (a).
4.2.2 Defects with measurable strain fields
In addition to the faults mentioned above that exhibit no measurable strain field,
I observed some defects, as shown in Figs. 4.7 and 4.8(a), which induce antiphase
boundaries in the {1 1 1} Kagome planes. Although the pyrochlore crystal structure
is FCC cubic, the 1/2 < 1 1 0 > dislocations that would be expected in this lattice
have large Burgers vectors; Mergen [152] was able to show that dislocations probably
have Burgers vectors along < 1 1 0 > but did not provide a definitive analysis,
or investigate the dissociation into partials obvious in their TEM images. Hence,
a detailed analysis is provided here to investigate dislocations in the pyrochlore
structure.
Fourier filtered images for Fig. 4.8(a) obtained by choosing the 2 2 2 and 2 2 2
spots are shown in Figs. 4.8(c) and (d), respectively. The filtered images reveal
that these defects are created by the insertion of extra (2 2 2) and (2 2 2) half-
planes. The strain distribution as obtained from GPA around the defects is shown
in Figs. 4.8(d-f). Here, εxx and εyy contain only [1 1 2] and [1 1 1] components of
the strain fields, respectively, and εxy shows the shear strain relative to these axes.
As shown in Figs. 4.8(d-f), there are convergence regions of strain (δ1, δ2, δ3 and
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Figure 4.7: (a) (a), (b) and (c) ADF-STEM images, viewed along [1 1 0], of defects
inducing antiphase boundary in the {1 1 1} planes (scale bars are 5 nm). ADF-STEM
images obtained from the left and right ends of the defect displayed in (c) are presented in
(d) and (e), respectively; scale bar in (d) is 2 nm.
δ4) at the positions where extra half-planes have been introduced. Although δ1
and δ2 cannot be clearly resolved at this magnification, as it is shown at a higher
magnification (Fig. 4.9), they are separated from one other. Fig. 4.9(a) shows an
ADF-STEM image obtained from the right core of the defect displayed in Fig. 4.8(a)
at a higher magnification. It is clearly seen in the strain distributions around the
right core of the defect, presented in Figs. 4.9(b-e), that δ1 and δ2 are separated
from one other. Thus, each end of this defect is made of two dislocations. δ2 and
δ3 are invisible in the strain field containing only [1 1 1] components (Figs. 4.8(f)
and 4.9(d)) while δ1 and δ4 are invisible in the strain field containing only [1 1 1]
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Figure 4.8: (a) ADF-STEM image from a defect inducing antiphase boundary in the
{1 1 1} planes viewed along [1 1 0] (scale bar is 5 nm). Inset shows a Fourier transform of
the image with the spots, (2 2 2) marked with a blue circle and (2 2 2) marked with a red
circle, used for GPA. (b) and (c) The Fourier filtered images for (a) obtained by choosing
the (2 2 2) and (2 2 2) spots, respectively. Strain distribution (d) εxx (e) εxy and (f) εyy
around the defect; where εxx and εyy contain only [1 1 2] and [1 1 1] component strain fields,
respectively, and εxy contains both strain components. (g) Strain distribution containing
only [1 1 1] component.
components (see Figs. 4.8(g) and 4.9(e)). Therefore, the Burgers vectors of δ1 and
δ4 are perpendicular to [1 1 1] and those of δ2 and δ3 are perpendicular to [1 1 1].
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Figure 4.9: (a) An ADF-STEM image (scale bar is 2 nm) obtained from the right core of
the defect displayed in Fig. 4.8(a). The strain distributions εxx, εxy and εyy in the ADF
image are presented in (b), (c) and (d), respectively. (e) Strain distribution containing only
[1 1 1] components in the ADF image.
I am using GPA data to calculate the Burgers vector of the defect. The x- and y-
components of the dislocation density tensor (ax and ay) calculated from the distor-
tion fields obtained by applying GPA on Fig. 4.9(a) are presented in Figs. 4.10(a)
and (b). As shown in the dislocation density tensor maps, the distance between
the two dislocations, δ1 and δ2, is ∼1.92 A˚ along the [1 1 0] direction in the ADF
image. Surface integrals (i.e. b according to Eq. (2.10)) of the dislocation density
tensor around the position of δ1 and δ2 calculated over several different area sizes
are plotted in Figs. 4.10(c) and (d).
According to the surface integral plots, the projection of Burgers vector for the
defect’s right core is 1/4[1 1 0]. Given that δ1 and δ2 are perpendicular to [1 1 1] and
[1 1 1] respectively, and the projection of their vector sum is 1/4[1 1 0], δ1 and δ2
are equal to 1/8[1 1 2]+c1[1 1 0] and 1/8[1 1 2]+c2[1 1 0], respectively; where c1 and
c2 are constants. In addition, the surface integral plots for the dislocation density
tensor over small areas centred at the position of both δ1 and δ2 (Figs. 4.10(c) and
(d)) also confirm that their projections are 1/8[1 1 2] and 1/8[1 1 2], respectively.
It is worth mentioning that the same results have been calculated for other similar
defects, see the resulting data displayed in Fig. 4.11.
The projection of the calculated Burgers vectors of the dislocations in Fig. 4.9(a)
is displayed schematically in Fig. 4.12(a). Describing the dislocations and their
effect in the FCC structure can be performed with the assistance of a Thompson
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Figure 4.10: (a) x- and (b) y- components of the dislocation density tensor (ax and ay)
calculated from distortion fields around the defect core shown in Fig. 4.9(a). The surface
integral plots of the dislocation density tensor around (c) δ1 and (d) δ2 over different area
sizes; here
−→
b = |b|[bx by bz].
tetrahedron and a double Thompson tetrahedron [153–155]. Here I use a tetrahedron
and introduce an octahedron as a simple alternative for the double tetrahedron to
describe the dislocations (Fig. 4.12(b-e)).
According to the tetrahedron displayed Figs. 4.12(c) and (e), the possible vectors
for δ1, δ2 and their sum (defect vector) are
−→
AG,
−−→
GD and
−−→
AD (or
−→
AE,
−−→
ED and−−→
AD), respectively. But, such a configuration for the dislocations is not energetically
favourable since the defect energy (b2 = a2/8) is half of the total energy of δ1 and
δ2 (b2δ1 + b
2
δ2 = a
2/8 + a2/8 = a2/4) in this case. However, by considering the atoms
position in an octahedron, δ1, δ2 and their vector sums can, apart from the possible
vectors mentioned above, be
−→
AE,
−−→
EF and
−→
AF (or
−−→
BE,
−−→
ED and
−−→
BD), respectively.
This means that the defect with a Burgers vector of the type 1/2 < 1 0 0 >, has been
dissociated into two dislocations of the type 1/4 < 1 1 0 >. It is worth mentioning
that the defect energy will not change when this dislocation dissociation occurs
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Figure 4.11: The strain distributions (a) εxx, (b) εxy and (c) εyy in the ADF image shown
in Fig. 4.7.(e) [1 1 1] and (f) [1 1 1] components of the dislocation density tensor (ax and
ay) calculated from distortion fields around the defect core shown in Fig. 4.7(e). (d) Strain
distribution containing only [1 1 1] components in the ADF image. The surface integral
plots of the dislocation density tensor around (g) δ′1 and (h) δ′2 over different area sizes;
here
−→
b = |b|[bx by bz].
(b2 = b2δ1 + b
2
δ2 = a
2/4). Thus, the actual Burgers vectors for δ1, δ2 and their sum
are 1/4[0 1 1], 1/4[0 1 1] and 1/2[0 1 0] (or 1/4[1 0 1], 1/4[1 0 1] and 1/2[1 0 0]),
respectively.
Accordingly, the defect is an extrinsic dislocation loop having both Frank and
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Figure 4.12: (a) Projections of the Burgers vectors for δ1 (1/8[1 1 2]), δ2 (1/8[1 1 2]) and
their sum (1/4[1 1 0]) viewed along [1 1 0] in the Yb2Ti2O7 crystal; the Yb and Ti atoms
are shown in yellow and blue, respectively. (b) An octahedron in the Yb2Ti2O7 structure
formed by three Yb and three Ti atoms. (c) A tetrahedron in the Yb2Ti2O7 structure. (d)
and (e) Two-dimensional representations of the octahedron shown in (b) and tetrahedron
shown in (c), respectively.
Shockley characteristics. As shown in Fig. 4.13(a), the stacking sequence ABCABC
of the {1 1 1} planes is ABCBABC in the defect region as a consequence of in-
troduction of an extra (2 2 2) half-plane (marked with a bold orange B in the
figure). On the other hand, an antiphase boundary has been induced in the {1 1 1}
planes as a consequence of gliding along [1 1 2]. According to the atomic resolution
EDX elemental maps data shown in Fig. 4.14, the extra (2 2 2) half-plane contains
both Yb and Ti atoms. Furthermore, both the Yb and Ti Kagome {1 1 1} planes
(Figs. 4.14(c) and (d)) preserved their structure in the defect area until they meet
the extra (2 2 2) half-plane where the antiphase boundary induced. That means the
pyrochlore to defect fluorite transformation did not occur in the defect area.
In summary, EDX results presented in section 4.2.1 (Fig. 4.6) indicate a fraction of
both the Ti and Yb atoms migrated from the defect area as a result of electron irradi-
ation. It seems, electron irradiation, first produces platelets of vacancies (Fig. 4.2(d)
and Fig. 4.4(a)) and then, in some cases, leads to further changes through precipi-
tation of close-packed {1 1 1} platelets of interstitial atoms (Fig. 4.8(a)). Electron
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Figure 4.13: (a) An ADF-STEM image (scale bar is 1 nm) obtained from the right core of
the defect displayed in Fig. 4.8(a) with overlaid Burgers circuit indicating the projection of
the Burgers vector is 1/4[1 1 0]. (b) A BF-STEM image acquired simultaniuosly with (a).
irradiation probably produces oxygen Frenkel pairs and some sample charging due
to Auger emission, which interact with the point defects already in the material
due to its particular stoichiometry. How this produces the defects observed is still
an open question. In addition, cations site swapping as a result of migration of
vacancies is expected in the vicinity of the defect area. Stuffing Yb onto Ti sites
was observed in the ADF data presented in Fig. 4.4(d) and are clearly visible in the
EDX elemental maps (Fig. 4.14). However, any evidence of anti-stuffing of Ti onto
Yb sites was not observed. That means Ti cations choose only the vacancies in the
Ti sub-lattice to migrate from the defect area. In other words, the structure of this
material also contains Ti vacancies.
4.3 Yb2.05Ti2O7+ξ
4.3.1 STEM imaging
Fig. 4.15 shows ADF- and BF-STEM images obtain from the Yb2.05Ti2O7+ξ sam-
ple. In addition to the cation columns (Yb, Ti and M) observed in the STEM
images obtained from Yb2Ti2O7 (Fig. 4.16) and Yb1.95Ti2O7−ξ (Fig. 4.13) samples,
I observed anomalous columns in the STEM images for Yb2.05Ti2O7+ξ (Fig. 4.15).
According to the position of these columns in the [1 1 0] direction, the atoms in
these columns reside in both the 8b and 48f tetrahedral voids, in other words, on
the oxygen sites located at the tetrahedral coordination formed by only Yb cations
80
Figure 4.14: (a) ADF-STEM image across the defect shown in Fig. 4.8(a) (scale bar is
0.5 nm). (b) Atomic scale EDX map from (a); Ti and Yb signals shown in red and green,
respectively. (c) Ti and (d) Yb EDX elemental maps from (a).
or two Yb and two Ti cations. However, although oxygen atoms can contribute in
the ADF intensity (see Chapter 3 for more information), they must be invisible in
the ADF images shown in Fig. 4.15 since with Z = 8 they cannot produce bright
contrast in the ADF images from structures containing heavy cation columns (ZY b
= 70 and ZT i = 22) [100–102]. Thus, these STEM results indicate either a fraction
of the oxygen sites has been occupied by heavy atoms or there are interstitial heavy
atoms in the vicinity of the oxygen columns which can enhance the electron chan-
nelling at the oxygen columns and consequently increase the electron scattering by
those columns.
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Figure 4.15: (a) ADF-STEM image (scale bar is 1 nm) taken with an ADF detector
inner angle of ∼4.6α and (b) BF-STEM image acquired simultaneously with (a) from the
Yb2.05Ti2O7+ξ sample along [1 1 0]. (c) and (d) ADF- and BF-STEM images from the
sample at a higher magnification (scale bar is 2 A˚). Positions of Ti, Yb, O (48f) and O (8b)
are marked by the blue, green, red, and yellow circles, respectively.
4.3.2 EDX
Atomic resolution EDX was used to examine the Yb2.05Ti2O7+ξ sample. Fig. 4.17
shows an EDX line scan on Ti and Yb columns along [0 0 1] direction, made using
Ti Kα (4.51 keV) and Yb Lα (7.41 keV) X-rays. As displayed in the line scan, the
peaks for Yb signals are relatively broad and show shoulders or humps at about 0.2
nm along the [0 0 1] direction. I also observed the peak shoulders for Yb columns
in the EDX map acquired from this sample (Fig. 4.18). While these results may
indicate presence of interstitial Yb atoms in the structure of this material (e.g. in
the octahedral voids), it is also possible that a small amount of specimen drift (∼0.2
nm) during acquisition introduced some signal from Yb atoms in the adjacent M
columns. In addition, Yb or Ti signal was not detected at the position of those
anomalous columns observed in the STEM images.
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Figure 4.16: (a) ADF-STEM image (scale bar is 1 nm) taken with an ADF detector inner
angle of ∼4.6α and (b) BF-STEM image acquired simultaneously with (a) from a Yb2Ti2O7
single crystal along [1 1 0].
Figure 4.17: [1 1 0] ADF- and BF-STEM images as well as EDX analysis of the
Yb2.05Ti2O7+ξ sample. Atomic scale EDX analysis along a line of Ti and Yb atom columns
([0 0 1]) showing shoulders or humps in the Yb signals.
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Figure 4.18: (a) and (b) ADF- and BF-STEM images taken from the Yb2.05Ti2O7+ξ
sample along [1 1 0], respectively (images are 1 nm by 1 nm). (c) The corresponding atomic
resolution EDX map for the STEM images shown in (a) and (b); here the Ti, Yb and O
columns are colored in blue, green and red, respectively. (d) Schematic of the position of
the atom columns in the STEM images as well as the EDX map; here the colour scheme
is the same as in (c) but the O (8b) positions are shown in yellow. In addition, octahedral
voids are filled in light yellow and purple. (e) and (f) Elemental EDX profiles along the P1
and P2 dashed rectangles displayed in (b), respectively.
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4.3.3 EELS
Figs. 4.19(a) and (b) show an ADF-STEM and EELS map acquired simultaneously
from the Yb2.05Ti2O7+ξ sample. As shown in the EELS maps (Figs. 4.19(b) and
(d)) as well as the intensity profile (Fig. 4.19(g)), some of the octahedral voids,
(areas filled in yellow in Fig. 4.19(c)), are occupied by Yb atoms. Figs. 4.19(b), (d)
and (h) reveal that no Yb signal is detected from those octahedra filled in purple in
Fig. 4.19(c).
ELNES spectra can be used to obtain information on the Ti-O bonding configu-
rations [145–147]. In ytterbium titanate, as mentioned in Chapter 3, the Ti L3 and
L2 edges both consist of two white lines, α and β for L3 and γ and δ for L2. For
each edge, the first (α, γ) and second (β, δ) peaks are due to transitions from the
2p state to the 2t2g (pi
∗) and 3eg (σ∗) oxide levels, respectively. The experimen-
tal Ti-L3,2 ELNES obtained from Yb2Ti2O7 and Yb2.05Ti2O7+ξ are illustrated in
Fig. 4.20(a). Peak energies, extracted by fitting the data to four Lorentzian curves
(Fig. 4.20(b)), as well as intensity ratios, are listed in Table 4.1. The intensity ratios
in Yb2.05Ti2O7+ξ Iα/Iβ, Iδ/Iγ and Iβ/Iδ are all larger than those observed for the
Yb2Ti2O7 sample, while both the L3 and L2 edges are shifted to lower energies in
Yb2.05Ti2O7+ξ. These indicators show that the Ti valence drops from Yb2Ti2O7
to Yb2.05Ti2O7+ξ. This drop in Ti valence state is probably a result of oxygen
vacancies and/or stuffed Yb atoms on Ti sites [145, 146].
Table 4.1: Ti ELNES energies and intensity ratios for the Yb2Ti2O7 single crystal and
Yb2.05Ti2O7+ξ powder samples.
The experimental LL EELS spectra for the Yb2Ti2O7 and Yb2.05Ti2O7+ξ samples
are presented in Fig. 4.21(a). Since ytterbium titanate consists of two separate sub-
lattices of Yb2O3 and TiO2, it is possible to identify LL peaks of this material by
using LL spectra of the Yb and Ti oxides as references. As displayed in Fig. 4.21(b),
the main structures for Yb2O3 are a strong bulk plasmon peak, Y1, at about 16.3
eV [156, 157] and two peaks, Y2 and Y3, related to the 5p to 5d transitions (Yb
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Figure 4.19: (a) HAADF image taken from the Yb2.05Ti2O7+ξ sample along [1 1 0] (scale
bar is 2 A˚). (b) Atomic resolution EELS map (t/Λ = 0.29) acquired simultaneously with
(a); here the Ti, Yb and O columns are colored in blue, green and red, respectively. (c)
Schematic of the position of the atom columns in (a) and (b); here the colour scheme is the
same as in (b) but the O (8b) positions are shown in yellow. (d) Yb, (e) Ti and (f) O EELS
maps of (a). (g) and (h) Elemental EELS profiles along the vertical and horizontal dashed
rectangles displayed in (b), respectively.
O2,3-edges) [156, 157]. On the other hand, TiO2 exhibits four distinct peaks in the
LL region; these peaks are due to O2p (valence band) to Ti3d (T1), bulk plasmon
(T2), O2p (valence band) to Ti4sp (T3) and Ti3p resonance (T4) at energy losses
of 6.6, 11.8, 25.7 and 46 eV, respectively [158]. All the peaks observed in the LL
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Figure 4.20: (a) Ti L3,2 EELS spectra of the Yb2Ti2O7 and Yb2.05Ti2O7+ξ samples (t/Λ
= 0.41). (b) Lorentzian curves fitted to the EELS spectra shown in (a).
spectra for both the Ti and Yb oxides are presented in the experimental spectra
of ytterbium titanate samples. However, Yb2.05Ti2O7+ξ exhibits an extra peak, Y0,
shown by a grey arrow in Fig. 4.21(a), at ∼2.5 eV. This peak, as Gorschluter et al.
[157] reported, could be due to an inhomogeneous oxidation of Yb2O3 sub-lattice in
Yb2.05Ti2O7+ξ.
Figure 4.21: (a) LL spectra from the Yb2Ti2O7 and Yb2.05Ti2O7+ξ samples (t/Λ = 0.41).
(b) LL spectra for TiO2 and Yb2O3 as well as their superposition obtained from the Gatan
EELS atlas [159, 160].
4.3.4 Discussion
Anomalous columns are clearly observed in the STEM images for Yb2.05Ti2O7+ξ
(Fig. 4.15) indicating that either a fraction of the oxygen sites has been occupied by
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heavy atoms or that there are interstitial heavy atoms in the vicinity of the oxygen
columns which can enhance the electron channelling at the oxygen columns and
consequently increase the electron scattering by those columns. One could argue
against these proposals by asking why, if heavy atoms occupy the oxygen sites or
are very close to the centre of the oxygen atoms in the [1 1 0] viewing direction,
are not the oxygen columns in the vicinity of Ti columns visible? The fact that the
oxygen columns around the Ti columns cannot be seen can be explained by noting
that, in the [1 1 0] direction, there are half the number of occupied oxygen sites
around the Ti columns as compared to the sites around the Yb or M columns. This
is due to the fact that half of the closest tetrahedral voids around the Ti columns
are formed by only Ti cations which are not occupied by the oxygen atoms. This
means that while there are n oxygen sites around the Yb or M columns, there are
only n/2 oxygen sites around the Ti columns. Hence, stuffing heavy atoms on the
oxygen sites or the presence of heavy interstitial atoms may not sufficiently enhance
the electron scattering to make the O columns close to the Ti columns visible in the
STEM images.
The results from atomic resolution EDX and atomic resolution EELS maps (Figs.
4.18 and 4.19), show that the Yb atoms are not on the oxygen sites and support the
proposal that there are interstitial Yb atoms in the vicinity of the oxygen columns in
the Yb2.05Ti2O7+ξ sample. Detection of Yb interstitial atoms in ytterbium titanate
indicates cation Frenkel defects can be stable in the titanate pyrochlres. I note,
however, that interstitial Yb atoms were only observed in the octahedra filled in
yellow in Fig. 4.19(c) and not in the ones filled in purple. Although all the octahedral
voids are surrounded by the same configuration of Ti, Yb and O atoms (Fig. 4.22(a))
in ytterbium titanate, as displayed schematically in Figs. 4.22(d) and (e), there are
two different types of octahedron chains when the crystal is viewed along the [1 1 0]
direction.
One type (O1), shown in Fig. 4.22(d), is formed by an alternate repetition of the
octahedron shown in Fig. 4.22(b) and its rotation about the vertical axes by 180
degrees. The second type (O2) which is displayed in Fig. 4.22(d) is made up of an
alternate stacking of the octahedron shown in Fig. 4.22(c) and its rotation about
the horizontal axes by 180 degrees. Since there are more oxygen atoms on one side
of each octahedron e.g. down the side of the octahedron shown in Fig. 4.22(a), this
variation in the arrangement of the octahedra causes a difference in the concentration
of oxygen around these octahedron chains. In the O1 chains, all the octahedra
are configured in such a way that the side with a higher concentration of O is
always located one side of the chains (e.g. down side of the chain in Fig. 4.22(d)).
88
Figure 4.22: (a) Configuration of the Ti, Yb and O atoms around an octahedral void in
ytterbium titanate. (b) and (c) Atomic positions around the octahedral void shown (a) when
viewed along x and y, respectively. (d) Left: a chain of octahedra, O1, formed by alternate
repetition of the octahedron shown in (b) and its rotation about the vertical axes by 180
degrees; right: O1 when viewed along [1 1 0]. (e) Left: a chain of octahedra, O2, made of
alternate repetition of the octahedron shown in (c) and its rotation about the horizontal
axes by 180 degrees; right: O2 when viewed along [1 1 0]. (f) and (g) Preferred side of the
octahedra for the interstitial Yb atoms to reside (shown in gray) in the O1 and O2 chains,
respectively.
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Therefore, as shown schematically in Fig. 4.22(f) all the interstitial Yb cations would
reside on one side of the O1 chains, that is the side with a higher concentration of
oxygen. However, the areas with high concentrations of oxygen are equally located
in both sides of the O2 chains (Fig. 4.22(e)). In the O2 chains, depending on which
octahedron void is occupied, the interstitial Yb cation would move toward the upper
or lower side of the chains (Fig. 4.22(g)). Thus, all the interstitial Yb cations in the
O1 chains would be aligned in a single column along the [1 1 0] direction while those
in the O2 chains would reside in two separate columns. This is consistent with the
EELS map results. In fact, detection of the Yb cations inside the O1 chains (filled
in yellow in Fig. 4.19(c)) is due to the presence of these cations, which may be few
in number along a single column, can enhance drastically the EELS signal for Yb.
In contrast, since the interstitial cations reside in two separate columns inside the
O2 chains (filled in purple in Fig. 4.19(c)), the number of cations aligned in a single
column inside these chains is about a half the number of cations detected in the Yb
columns inside the O1 chains. This explains why the Yb cations were not detected
in the O2 chains. On the other hand, the configurations for the interstitials shown
in Figs. 4.22(f) and (g), with Yb cations close to oxygen columns, make the oxygen
columns visible in the ADF-STEM provided in Fig. 4.15. The above mentioned
proposal for the position of interstitial Yb atoms was examined by image simulations
and the resulting data are presented in Fig. 4.23. As shown in Fig. 4.23(b), presence
of the Yb interstitials in the octahedral voids increases the electron scattering by the
adjacent oxygen columns and, therefore, makes those columns visible in the ADF
images.
The presence of these Yb interstitials in the octahedral voids of the Yb2.05Ti2O7+ξ
sample requires the introduction of more oxygen atoms into the structure (ξ = 0.075)
or a reduction in the valence states of their nearby Ti/Yb cations (ξ = 0) or a
combination of the two (0 < ξ < 0.075). The Ti-L3,2 ELNES shows that Ti cations
in this sample have lower valence numbers in comparison to those in Yb2Ti2O7. In
addition, LL spectra acquired from the Yb2.05Ti2O7+ξ sample showed Yb is partially
oxidized in this sample. Although these results indicate that the Yb interstitials
reduce their nearby cations at least to some extent, charge balance may also require
the presence of O interstitials in this sample. Hence, the parameter ξ may not be
exactly zero.
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Figure 4.23: (a) Schematic of the position of the atom columns in a unit-cell of a perfect
Yb2Ti2O7 crystal viewd along the [1 1 0] direction (colour scheme is the same as Fig. 4.22).
(b) The simulated ADF-STEM image (by QSTEM; thickness of 34 nm) and (c) experimental
ADF-STEM image of the area highlited in purple shown in (a). (d) Schematic of the position
of the atom columns in a unit-cell proposed for the Yb2.05Ti2O7+ξ crystal viewd along the
[1 1 0] direction; the Yb interstitials (occupancy of 0.0052) are located at the fractional
coordinates of 1/4, 1/4, 3/10 (colour scheme is the same as Fig. 4.22). (e) The simulated
ADF-STEM image (by QSTEM; thickness of 34 nm) and (f) experimental ADF-STEM
image of the area highlited in purple shown in (d).
4.4 Summary
The excess of Ti cations gives rise to the formation of Yb vacancies in ytterbium
titanate (e.g. Yb1.95Ti2O7−ξ). This is consistent with the theoretical studies of
Stanek et al. [16]. The results indicate that the presence of ∼2.5% Yb vacancies,
which reduces the activation energy for cation migration in ytterbium titanate,
paves the way for the formation of anti-site defects as well as dislocations during
electron irradiation. This may mean that the susceptibility to amorphization in
the pyrochlore oxides can be reduced in general by introducing a small number of
vacancies at the A sites. In addition, electron-induced defects in Yb1.95Ti2O7−ξ
were characterized using in-house program, BurgersVectors. It was demonstrated
that 1/2 < 1 0 0 > dislocations, dissociating into 1/4 < 1 1 0 > dislocations can be
formed in the pyrochlore structure.
Atomic resolution EDX and EELS results showed that a fraction of octahedral
voids in Yb2.05Ti2O7+ξ are occupied by Yb cations. Such a solution for excess Yb (A
site) has not been considered in the previous theoretical studies of non-stoichiometric
91
A2B2O7 pyrochlores [16]. In addition, I cast doubt on the previous X-ray diffraction
results suggesting that the lattice swelling in the titanate pyrochlores, induced as
a result of deviation from stoichiometry or ion irradiation, is related only to the
anti-site defects [17–19].
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Chapter 5
Conclusions and future work
The main aim of this thesis was to explain unusual low-temperature magnetic
behaviour of pyrochlore Yb2Ti2O7. Ytterbium titanate is one of the most intriguing
members of the pyrochlore titanate family of frustrated magnetic materials. Unlike
some other members of this family, experimental efforts to establish the ground
state and correlate this to the structural features of this material have been made
difficult by the fact that different samples of the same material are found to exhibit
completely different results – with no satisfactory explanation of the links between
subtle structural variations. This is the case even for material produced through
nominally identical synthesis routes, as is the case in this study.
In chapter 3, I used aberration-corrected STEM to study this material at the
atomic scale, and have developed new methods to analyse the resulting data that
can be extended to other pyrochlores, dilute compounds and compounds containing
a mix of light and heavy elements. Additionally, I used X-ray analysis with atomic
resolution to show for the first time that “stuffing” of Yb atoms onto Ti sites in
the lattice can be observed directly, and also used EELS to link this to Ti valence
state. In combination these different techniques, which have been developed for the
first time here, or have not been applied to the study of these materials, I showed
correlations between stuffing, oxygen vacancies and Ti valence state that can be
related to the low-temperature magnetic behaviour of this material.
On the other hand, atomic structure of non-stoichiometric ytterbium titanate with
Ti or Yb excess was investigated in chapter 4. Experimental results, consistent with
the theoretical studies of Stanek et al. [16], showed Ti excess was compensated by
formation of Yb vacancies in Yb1.95Ti2O7−ξ. Although formation of vacancies on
the B site has not been previously reported in the structure of non-stoichiometric
pyrochlores with B excess, the results indicated that structure of Yb1.95Ti2O7−ξ
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contains Ti vacancies. Furthermore, formation of extended defects under 200 kV
electron irradiation was observed in Ti-rich material, in particular with 2.5 at.%
excess Ti. While dislocations in pyrochlore structure have not been studied in detail
in literature, detailed investigation presented in chapter 4 showed that 1/2 < 1 0 0 >
dislocations, dissociating into 1/4 < 1 1 0 > dislocations, can be formed in the
pyrochlore structure.
In addition, Yb interstitials were directly observed using atomic resolution EDX
and EELS in Yb-rich ytterbium titanate, Yb2.05Ti2O7+ξ. While previous theoretical
and experimental works suggested that extra A cations in the pyrochlore structure
stuffed onto B sites [17–19], this study demonstrated that extra Yb can be ac-
commodated in the octahedral voids. Therefore, since the pyrochlore structure of
ytterbium titanate can accommodate Yb interstitials, cation Frenkel defects – e.g.
as a result of ion irradiation – could be stable in this structure. That is in contrast
to the results reported by Li et al. [17] indicated cation Frenkel defects cannot be
stable in titanate pyrochlores. Moreover, Ti-L3,2 ELNES analysis proved that Ti
cations could have valance number lower that 4+ in Yb2.05Ti2O7+ξ. This means
that the excess positive charge induced by Yb interstitials can be balanced by not
only introduction of oxygen interstitials [16] but also reduction in the Ti valance
state.
The methods described here can readily be applied to other pyrochlore systems
where a similar sensitivity to structural defects, including stuffing [13], has recently
been shown to lead to significant differences in the magnetic behaviour, for example,
the magnetic ground state of the spin liquid candidate Tb2Ti2O7 [161] and magnetic
monopole dynamics in spin ice Dy2Ti2O7 [162]. Studies of this kind should also prove
useful in understanding the physics of other frustrated magnets where defects or low
levels of doping rapidly modify the physics; examples include triangular lattice mag-
nets such as CuFeO2 and RbFe(MoO4)2, and order-disorder transitions that occur
in several lattice motifs. More generally, such methods could play a valuable role
in the study of emergent phenomena, including superconductivity and magnetism,
both in the bulk and at interfaces, when defects are known to be important.
Finally, although the experimental studies presented in this thesis relieved that the
exotic low temperature magnetic properties of Yb2Ti2O7 is due to stuffing Yb atoms
on the Ti sites as well as presence of defect in the oxygen sublattice, they are not
quantitatively shown the degree of stuffing or the density of defects in the samples.
Hence, it would be an interesting work to quantitatively link the level of defect
density in this material to its low temperature magnetic properties by applying
experimental quantitative STEM and EELS as well as theoretical studies using
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density functional theory (DFT) methods. Furthermore, the experimental results
shown in chapter 4 indicated that the structure of ytterbium titanate can tolerate
cation vacancies as well as interstitial Yb atoms, however, the maximum amount of
the cation vacancies and interstitial atoms that the crystal of this material is able to
tolerate are still unknown. Therefore, atomic structure study of ytterbium titanate
with several different levels of cation deficiency (Yb2±xTi2O7±ξ where x < 0.05 ) as
a future work is recommended.
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